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ABSTRACT 
Charcoal rot of soybean, caused by the soilborne fungus Macrophomina phaseolina 
(Tassi) Goid, is a disease associated with high soil temperature and low soil moisture.  Above-
ground symptoms, which can be difficult to distinguish from drought symptoms, include low 
vigor, dead leaves that remain attached to the plant, early senescence and yield loss.  Irrigation 
limits damage, but does not prevent colonization of the tissue by the pathogen.  No soybean line 
is immune to M. phaseolina, but a few lines may have moderate resistance.  The objectives of 
this research were to 1) determine the effects of genotype and drought on the development of 
charcoal rot and 2) determine the efficacy of non-destructive techniques to measure disease 
development during the season.  In 2008 and 2009, soybean genotypes, DT97-4290 and Delta 
Pineland 4546 (moderately resistant), LS980358 (susceptible), and R01-581F (drought tolerant) 
were grown in microplots.  Treatments included presence or absence of M.  phaseolina and 
water-stressed and non-stressed in a factorial randomized complete block design experiment with 
five replications.  Soil moisture and temperature, and rainfall were monitored.  Root colonization 
and plant growth were assessed at growth stages V2/V3 and V4/V5.  Stomatal conductance was 
measured with a porometer. Canopy temperature was measured with an infrared thermometer 
and used to calculate Crop Water Stress Index (CWSI). Canopy reflectance was measured with a 
spectroradiometer and used to calculate ten vegetative indices.  Yield, root/stem disease severity, 
plant height, stem discoloration and microsclerotial densities of M. phaseolina were determined 
at harvest.  When differences between treatments occurred, plants in infested plots had lower 
stomatal conductance and higher CWSI than those in non-infested plots.  Differences between 
treatments in canopy reflectance were not consistent.  In 2008, there was only a genotype effect 
on yield.  In 2009, LS980358 and R01-581F plants had 38 % and 49 % lower yields, 
respectively, in infested than non-infested plots, whereas yields for DT97-4290 and Delta 
 
 
Pineland 4546 did not differ between infestation treatments.  The results from this study show 
that M. phaseolina affects soybeans at all growth stages and that some genotypes are very 
sensitive to colonization.   
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 Introduction 
The environment plays an important role in plant disease development.  However, 
understanding the relationship between disease development and the environment can be 
difficult.  For some pathogens, the presence of favorable environmental conditions for plant 
growth does not guarantee the development of visible disease symptoms or symptoms that are 
distinct enough to be separated from other diseases.  The symptoms of many biotic diseases can 
resemble the symptoms of abiotic diseases.  For example, the stunted growth and chlorotic 
symptoms that often develop from nematode damage or from a root pathogen can resemble the 
symptoms of a nutrient deficiency because of the disruption in root function.  Many 
environmental conditions that encourage disease development like poor soil fertility, soil 
compaction, drought, and excess water are all additional causes of stress to the plant so it can be 
difficult to separate the effects of the pathogen from the effects of the environment.  The effect of 
these abiotic diseases can often obscure the effects of biotic disease that may be present.  Efforts 
to control environmental conditions that favor disease development are important for disease 
management strategies, but do not guarantee plants will be pathogen free.  Plants may harbor 
latent infections that show no symptoms, but still may be causing some underlying damage or 
allowing for subsequent symptom development as the host develops or the environment change 
(Ashlock, 1999).   
Charcoal rot, also referred to as dry-weather wilt and summer wilt, is a root and stem 
disease that can reduce yield and seed quality as well as cause plant death (Smith and Wyllie 
1999).  Yield losses due to charcoal rot vary from year to year, but usually favor years with heat 
stress and where rainfall is less frequent.  In the United States, between 1996 and 2007, this 
disease ranked from second to sixth in important among soybean  diseases and caused problems 
most frequently in the states of Arkansas, Illinois, Indiana, Kansas, Missouri, Mississippi, and 
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 Tennessee (Wrather and Koenning 2009).  Most notably, in 2003, charcoal rot caused an 
estimated yield reduction of 1,975,940 tonnes (77,802,611 bushels) of soybeans, making it the 
second most damaging disease that year, second only to soybean cyst nematode (Wrather and 
Koenning 2006, 2009).  Charcoal rot also affects soybean yields in many of the other top 
soybean producing countries including Brazil, Argentina, India, Paraguay and Bolivia.  Based on 
estimates from the top eight soybean producing countries, charcoal rot caused an estimated total 
yield loss of 2,505 thousand metric tonnes of soybeans in 2006 (Wrather et al. 2010).   
The casual agent of charcoal rot is the soilborne fungus Macrophomina phaseolina 
(Tassi) Goid.  This pathogen colonizes root and stem tissue and has a host range of over 500 
species of crops and weeds (Wyllie 1988).  This pathogen was placed in the genera Rhizoctonia 
and Sclerotium, before the genus Macrophomina as well as having different specific epithets 
(Dhingra and Sinclair 1978).  All isolates were eventually lumped under one species, M. 
phaseolina, making it the only species in the genus Macrophomina (Su et al. 2001).  Even 
though all isolates are under the same species, isolates have shown variation in morphology, 
virulence, sensitivity to chlorate, RAPD analysis and host specificity which makes evaluation for 
resistance difficult (Cloud and Rupe a 1991, Su et al. 2001) .  This pathogen can be found in soils 
all over the world and is favored by conditions of high soil temperature, low soil moisture, high 
and low soil pH, poor soil fertility and root injury (Bowers and Russin 1999; Wyllie 1988).  
Optimal in vitro growing conditions for this pathogen are temperatures between 28˚C and 35˚C 
(Smith and Wyllie 1999; Wyllie 1976, 1976, 1988) and water potentials between -1500 and          
-2000 Joules/kg (15 and -20 bars) (Shokes, Jordan, and Lyda 1977).   
In culture, colonies of M. phaseolina  range from white, to brown, to gray to black in 
color and become darker with age and some isolates may grow in concentric rings (Dhingra and 
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 Sinclair 1978; Smith and Wyllie 1999).  This fungus produces hyphae that are hyaline with 
granular contents that disappear over time (Dhingra and Sinclair 1978).  Hyphae can branch at 
right angles or acute angles (Smith and Wyllie 1999).  Sometimes aerial mycelia are produced 
that can reach up to the top of the Petri dish when grown in culture (Dhingra and Sinclair 1978; 
Smith and Wyllie 1999).  This fast growing fungus produces small shiny, smooth, black 
microsclerotia that vary from spherical, oblong , to irregular in shape, are made up of thick-
walled, dark anastomosing mycelial cells (Dhingra and Sinclair 1978).  The size, shape, and 
amount of microsclerotia vary from isolate to isolate and, depend on growing conditions, but 
range in size from 60-200 µm in diameter and are composed of 50 to 200 or more individual 
cells (Dhingra and Sinclair 1978; Smith and Wyllie 1999). It is very rare to find an isolate that 
does not produce microsclerotia (Smith and Wyllie 1999). Some isolates produce dark to grayish 
pycnidia that are globose, membranous or subcarbonous and with age become black and 
carbonaceous (Dhingra and Sinclair 1978; Smith and Wyllie 1999).  The small truncated ostiole 
of the pycnidium may be difficult to see or may look like a clear opening surrounded by a 
blackish background (Dhingra and Sinclair 1978; Smith and Wyllie 1999).  These pycnidia are 
usually 100-200 µm in diameter (Smith and Wyllie 1999).  Research by Siddiqui et al (1979) and 
Dhar et al (1982) have shown that isolates of this fungus  from Phaseolus mungo can produces a 
nonspecific exotoxin, phaseolinone, which is strongly cellulolytic and may be involved in the 
inhibition of seed germination (Dhar et al. 1982).  Ramezani et al (2007) were not able to 
produce phaseolinone from an isolate of M. phaseolina originating from soybeans, but were able 
to produce the phytotoxin (-)-botryodiplodin.  Ramezani et al (2007) proposed that (-)-
botryodiplodin is maybe the toxin behind the inhibition of seed germination and not 
phaseolinone. 
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 Primary inoculum of M. phaseolina is microsclerotia which can survive in dry soils or in 
decaying host debris  for two years or more (Meyer et al. 1974) but for only about seven to eight 
weeks in wet soils (Smith and Wyllie 1999).  The germination of microsclerotia occurs on the 
surface of or in close proximity to soybean roots. This pathogen can survive as mycelium in the 
soil for up to seven days which is more than enough time to infect soybean seedlings (Meyer et 
al. 1974).  Within the first two to three weeks after planting, eighty to one hundred percent of 
seedlings can be infected (Smith and Wyllie 1999).  Since, infection with this pathogen can 
occur at any growth stage, this can cause seeds to fail to germinate, seedlings to develop lesions 
or harbor latent infections, or plants to die.  Those plants that harbor a latent infection  often do 
not show symptoms until the onset of reproductive stages or environmental stresses (Smith and 
Wyllie 1999).   
Charcoal rot is most recognizable for its below ground signs and symptoms which 
include a gray to black discoloration of the epidermal and sub-epidermal tissues of tap roots, 
secondary roots and the lower part of stems (Smith and Wyllie 1999; Wyllie 1976).  This 
discoloration is caused by the pathogen forming numerous microsclerotia in the vascular and pith 
tissues (Smith and Wyllie 1999).  These microsclerotia resemble bits of ground up charcoal 
giving this disease its name.  Microsclerotia may be formed up the stem and are most noticeable 
in the nodes of the plant (Smith and Wyllie 1999; Wyllie 1988).  Tissue discoloration and the 
presence of microsclerotia can be seen with a hand lens by splitting the tap root and lower stem 
with a knife (Smith and Wyllie 1999).  Once inside the host, the fungal hyphae grow mostly 
intercellularly but also grow intracellularly as cell integrity becomes compromised inside the 
xylem (Smith and Wyllie 1999; Wyllie 1988).  The pathogen causes disease symptoms by 
plugging up the xylem vessels with microsclerotia, toxin production, as well as from the 
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 enzymatic action and mechanical pressures from hyphal penetration (Bowers and Russin 1999; 
Smith and Wyllie 1999).  As plant tissues start to die, the pathogen forms microsclerotia (Smith 
and Wyllie 1999; Wyllie 1988).  The process can be as quick as three days in young tissue, but 
takes longer in more mature tissue (Wyllie 1988).  Once the cortical tissue has been invaded, 
fungal hyphae begins vertical colonization of the vascular elements often without symptoms 
(Wyllie 1988).  The pathogen then grows from the interior of the root and stem tissue towards 
the outer layers producing microsclerotia in the tissue (Wyllie 1988).  Microsclerotia populations 
increase in the soil from infested plant debris, planting infected seed or continuous planting of 
soybean or other host species (Meyer et al. 1974; Smith and Wyllie 1999; Wyllie 1988).     
Since this pathogen disrupts root function and is associated with environmental stresses, 
the above-ground symptoms of the disease are not very distinct and can be difficult to distinguish 
from other problems.  These symptoms include smaller than normal leaves, a loss of vigor as 
well as leaves that yellow, wilt, turn brown and die while still remaining attached to the plant 
(Smith and Wyllie 1999; Wyllie 1988).  Plants that are weakened by charcoal rot often  became 
susceptible to foliar diseases when abundant rainfall occurs following drought (Wrather et al. 
2010).  Since the pathogen causes the most damage during the reproductive stages, it can 
interfere with pod formation and seed fill (Wyllie 1988).  This can result in pods failing to fill or 
seeds that are smaller than normal.  Seeds that do form can become infected and microsclerotia 
maybe embedded in the seed coat (Smith and Wyllie 1999).  This means a decrease in seed 
quality and quantity (Smith and Wyllie 1999).  Infected seeds can harbor this pathogen for up to 
three years (Smith and Wyllie 1999).   
Management of this disease is difficult because the most commonly used strategies are 
designed to limit conditions that favor disease, but do not prevent infection.   Strategies that 
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 include avoiding high seedling rates are meant to limit stress by reducing competition for water 
(Bowen and Schapaugh 1989).  Delaying planting and planting late season cultivars are designed 
to avoid stress by allowing the plant to flower when temperatures are lower and rainfall is more 
consistent (Pearson et al. 1984).  However, delaying planting does not affect M. phaseolina 
population densities in the soil (Wrather et al. 2007).  Herbicide stress caused by chemicals like 
chloramben and 2,4-DB can increase root colonization with M. phaseolina, while alachlor 
actually reduced colonization (Canaday et al. 1986).  Moldboard tillage and fumigation have 
been found to reduce the numbers of microsclerotia in the soil, but did not reduce that number of 
infection sites (Bellaloui et al. 2008; Pearson et al. 1984; Wrather and Kendig 1998).  Irrigation 
has been found to be an important management strategy for controlling charcoal rot (Kendig et 
al. 2000; Smith and Wyllie 1999).  Soybean fields that are irrigated for the full season have 
significantly higher yields and lower root colonization with M. phaseolina than non-irrigated 
soybean fields (Kendig et al. 2000).  Unfortunately, if irrigation is terminated starting at R2, root 
colonization will increase and soybean yields will decrease (Kendig et al. 2000).  This shows that 
irrigation does not prevent infection by M. phaseolina, but limit colonization  (Kendig et al.  
2000) and insures enough water for pod development (Bowers and Russin 1999).  Crop rotation 
may not be very effective in reducing microsclerotia populations because there are so many hosts 
for this pathogen, but rotation can be used to limit the increase of the pathogen (Wyllie 1988).  It 
would be best to rotate with a less susceptible host or a resistant host (Bowers and Russin 1999), 
unfortunately, there are no commerial soybean cultivars known to have high levels of resistance 
to M. phaseolina at this time.  Many studies have noticed differences in colonization between 
between lines (Kendig et al. 2000; Mengistu et al. 2007; Pearson et al. 1984) and a few have 
been found to be moderately resistant (Mengistu et al. 2007; Paris et al. 2006).    
6 
 
 Since the production of visible microsclerotia in the  root and crown tissue usually occurs 
after flowering, at pod development and pod fill, this means that growers often are unaware they 
have a problem until it is too late to control (Wyllie 1988).  Some of  the common methods for 
assessing charcoal rot disease levels, including rating root and stem disease severity, percent 
height stem discoloration, foliar symptoms, and quantifying Macrophomina phaseolina 
microsclerotia densities in tissue using colony forming units (Mengistu et al. 2007).  The 
problem with rating for root and stem disease severity and percent height stem discoloration is 
that even if a root or stem appears visually clean of microsclerotia, the pathogen may still be 
present in the roots as hyphae.  Also, rating for root and stem severity, percent height stem 
discoloration, and quantifying microsclerotia densities all rely on destructive sampling of plants 
and are very labor intensive.  Visual ratings of foliar symptoms are difficult to separate from the 
effects of drought or other diseases.  Also, the appearance of foliar symptoms occurs late and so 
tells little about the early stages of disease development.  Non-destructive method that could be 
used to detect this disease during the season even when visible symptoms are not present or are 
too indistinct to recognize would be helpful to minimize disease losses.    
Plants express a variety of symptoms when under stress.  Some symptoms are visible 
(wilting, color changes, reduced growth, and death) while measurements to indicate disease 
severity using leaf transpiration, stomatal resistance, stomatal conductance, canopy temperature 
and, canopy reflectance require specific equipment.  Many studies have measured the effects of 
plant stresses such as drought stress, insect herbivory, mechanical damage and pathogen damage 
on plant stomatal conductance (Aldea et al. 2005; Isoda and Isodaa 2005; Kirkpatrick et al. 1995; 
Liu et al. 2003; Liu et al. 2005; Maurel et al. 2004; Saeed et al. 2007).  Stomatal conductance 
measures the rate that carbon dioxide (CO2) or water vapor passes through the stomata.  Stomatal 
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 conductance is a function of the density, size, and degree of opening of these stomata (Leaf 
Porometer Operator's Manual version 5.0  2008).  Drought stressed soybeans have lower 
stomatal conductance than well-watered soybeans (Isoda and Isodaa 2005; Liu et al. 2003; Liu et 
al. 2005). 
Kirkpatrick et al (1995) found that cotton plants infected by Meloidogyne incognita had 
lower stomatal conductance than plants that were not infected.  The nematacide aldicarb 
significanntly reduced, but did not eliminate, the effects of nematode damage on reduction of 
stomatal conductance (Kirkpatrick et al. 1995).  The effect of one pathogen on a host can often 
be exacerbated by the effects of another pathogen or an envirmental stress.  Potato early dying 
(PED) disease caused by Verticillium dahliae (Kleb.) was worse when the nematode  
Pratylenchus penetrans (Cobb) Filipjev & Schuurmans Stekhoven was present.  Co-infection of 
P. penetrans and V. dahliae resulted in significant reduction in stomatal conductance of potatoes 
compared to the control in two of  three years.  Since PED symptoms are often confused with 
normal senescence of older leaves, this study suggested that that gas exchange measurements can 
be used to detect the effects of disease even before the development of visible symptoms (Saeed 
et al. 2007).   
Stomatal conductance can be measured with a leaf porometer, which causes little to no 
damage to the plant.  A leaf porometer works by putting the conductance of a leaf in series with 
two known conductance elements and comparing the humidity measurements between them.  
Handheld leaf porometers can measure stomatal conductance in about thirty seconds.  
Measurements are expressed as a unit of conductance, mmol/m2s (millimoles per meter squared 
seconds), or as a unit of resistance, m2s/mol (meters squared seconds per mole) or s/m (seconds 
per meter).  The environmental effects of light, temperature, humidity, and carbon dioxide (CO2) 
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 must be accounted for because these factors influence the stomata.  Stomatal conductance 
measurements are highest under full sun, are lower under overcast skies or in the shade and 
stomata are absent at night.  Days that are very hot or very cold can also cause stomatal openings 
to narrow to avoid water loss.  So it’s best to take measurements when the sun is highest in the 
sky, avoid light obstructions (clouds and shade), and when the temperature is not too hot or too 
cold (Leaf Porometer Operator's Manual version 5.0  2008). 
Leaf and canopy temperature have also been used in several studies to detect plant stress 
(Bajwa and Vories 2007; Isoda and Isodab 2005; Kirkpatrick et al.1995; Kulkarni et al. 2008).  
The leaf temperatures of both soybean and cotton increase as water stress increases (Isoda and 
Isodab 2005).  Cotton plants in soil infested with Meloidogyne incognita had higher leaf 
temperatures than plants non-infested (Kirkpatrick et al. 1995).  The use of aldicarb on infested 
plots tended to reduce, but did not eliminate the effects of the nematode on leaf temperature 
(Kirkpatrick et al. 1995). These higher leaf temperatures caused by nematode infection suggest 
that infected plants may suffer from greater enviromental stress than healthy plants throughout 
the growing season (Kirkpatrick et al. 1995). Many studies have used canopy temperature to 
calculate the crop water stress index which has been proven to be a good indicator of plant water 
stress (Bajwa and Vories 2007).  Bajwa and Vories (2007) used the canopy temperature from 
cotton to calculate the crop water stress index (CWSI) to look at the effects of irrigation on 
cotton and found that well watered plants had significantly lower CWSI values compared to 
moderately stressed and severely stressed plants.   
One of the commonly used instruments designed to measure canopy temperature is a 
handheld non-contact infrared thermometer.  A handheld non-contact infrared thermometer is 
able to measure the surface temperature of an object by using its optics sensor to emit, reflect and 
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 transmit energy which it collects and focuses onto a detector and translates into a temperature 
reading (Raynger STTM ST20 ProTM Standard and ST30 ProTM Enhanced non-contact 
thermometer manual  2001).  Measurements taken using a non-contact infrared thermometer are 
one way of collecting information using remote sensing (Nilsson 1995) 
Remote sensing has been used for years to detect the effects of abiotic and biotic stresses 
on plants.  It is a method of acquiring measurements and interpreting that information without 
coming into physical contact with the plant.  Remote sensing measures the quality of radiation 
reflected or emitted from the leaves and canopy and this can be related to biomass, disease and 
environmental factors. It can be used to collect information on the same plants multiple times 
throughout the season without interfering with the plants.  Rating plants visually for disease 
symptoms is considered a form of remote sensing but overestimation or underestimation is 
common and there can be significant differences between raters (Nilsson 1995).  Readings taken 
using instrumental remote sensing are often more consistent regardless of the user (Adcock et al. 
1990) 
Instrumental remote sensing measures the electromagnetic radiation that is reflected or 
emitted from an object (Nilsson 1995).  The different parts of the electromagnetic spectrum 
ranges which are most often used in plant research include the ultraviolet (10-390 nm), visible 
(390-770 nm), near infrared (NIR) (770-1300 nm), mid-infrared (1300-2500 nm), and thermal 
infrared (2.5-15µm).  There are many different kinds of instruments that can be used for remote 
sensing including cameras, infrared thermometers, radiometers, video systems, sonar 
instruments, and radar instruments, and these instruments can used in handheld systems, or from 
platforms, trucks, helicopters, aircrafts, satellites, microscopes and macroscopes (Nilsson 1995).  
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 When measuring the canopy reflectance of plants with a radiometer, healthy plants 
usually have only a slight reflectance in the blue (450-480 nm) and red (600-700 nm) regions 
with a little more reflectance in the green (500-550) and a considerable amount of reflectance in 
the NIR (750-1100) region.  Since the slight reflectance in the visible region is due to the 
absorption of light by plant pigments such as chlorophyll and xanthophylls, the effect of any 
plant physiological stress such as disease or environmental stress, that causes a reduction in these 
pigments can cause an increase in reflectance in the red and blue region as well as have an effect 
on the yellow reflectance region.  Stressed plants often have decreased  reflectance in the NIR 
region (Nilsson 1995).   
There have been many studies of the effect of plant stress on canopy reflectance.   
Adcock et al. (1990) was able to detect some of the effects of herbicide injury caused by 
paraquat and glyphosate on soybean reflectance using a hand-held multispectral radiometer.  
Carter (1994) suggested that wavelength ranges of 535-640 nm and 685-700 nm are the most 
sensitive to plant stress.  Vigier et al. (2004) found that soybean plants inoculated with 
Sclerotinia sclerotiorum had significantly higher reflectance in the narrowband regions of R456-
R466 and R675-R696 and in the broadband region R505-R595 and R635-R685 than the control 
plants.  No significant difference was found in reflectance at the narrow bands of R705-R715 and 
R756-R765.  The authors recommend using the broadband region R616-R696, more specifically 
the R675-R685 red narrowband region to look for plant damage in soybeans (Vigier et al. 2004).   
In order to reduce the large amount of data into a single number and to try to limit some 
of effect of background noise or error, many formulas or vegetation indices have been 
developed.  These indices combine the reflectance of two or more wavelengths to assess leaf 
area, biomass, and the effects of various plant stresses.  One of the most commonly used 
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 vegetation indices is the normalized difference vegetation index (NDVI) because of its high 
correlation with green biomass (Nilsson 1995; Penuelas and Filella 1998).  NDVI has been used 
in ground level remote sensing as well as at the airborne and satellite levels (Penuelas and Filella 
1998).  There have been several different variations of the NDVI formula that have been used, 
but all variations use reflectance bands in the near-infrared (NIR) region and bands in the red (R) 
region of the visible spectrum.   
Canopy reflectance expressed as NDVI has been found to have a high positive correlation 
with soybean grain yield with an R2 value of up to 0.80 (Ma et al. 2001).  Lower yielding 
cultivars had larger R2 values than higher yielding cultivars.  Also, low yielding soils had greater 
R2 values than higher yielding soils.  This shows that growth conditions and cultivar differences 
affect the yield-NDVI relationship.  This study also suggested that soybean canopy reflectance 
taken at the R5 growth stage can be used to differentiate between high and low yielding 
genotypes (Ma et al. 2001). Cotton plants that were well watered had greater NDVI values than 
moderately stressed or severely stressed plants (Bajwa and Vories 2007).  Since NDVI is highly 
correlated with plant biomass, this suggests that these well-watered cotton plants contained 
higher biomass than the moderately stressed or severely stressed plants (Bajwa and Vories 2007).   
Other commonly used vegetative indices used in plant studies include: difference 
vegetation index (DVI), red edge inflection point (REIP), water index (WI), water band index 
(WBI), photochemical reflectance index (PRI), soil adjusted vegetation index (SAVI), derived 
leaf chlorophyll a and b concentration index (D-chl-ab), structural independent pigment index 
(SIPI), and normalized pigment chlorophyll index (NPCI) (Table 1).  Each index is designed to 
look at a specific part of the plant reflectance spectrum, and these have been correlated with 
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 various biological parameters and have been used to detect various plant stresses like drought or 
disease, or both.  
There are several studies of the effect of M. phaseolina on plant physiology.  Infection 
with M. phaseolina reduced transpiration rate and increase the leaf temperature in moth bean 
(Vigna aconitifolia) (Neelam et al. 1994).  Mayek-Pérez et al (1997) found that charcoal rot 
disease severity was negatively correlated with transpiration rate; relative water content; water, 
osmotic and turgor potentials, and was positively correlated with stomatal resistance in common 
bean (Phaseolus vulgaris L.).  Other studies did not find a correlation between leaf temperature 
and disease (Mayek-Pérez et al. 1997; Mayek-Pérez et al. 2002).  Sorghum plants inoculated 
with M. phaseolina had increased water saturation deficits (WSD), which is the amount of water 
which a plant requires to reach full saturation, and decreased absolute water content (AWC), 
which is the total amount of water present in tissue, compared to healthy plants (Pedgaonkar and 
Mayee 1990).  Sorghum cultivars that were susceptible to M. phaseolina had a lower reduction 
of AWC and a higher increase in WSD than resistant cultivars (Pedgaonkar and Mayee 1990).   
There still are many questions left to be answered about charcoal rot.  If charcoal rot 
disease is influenced by drought, how are symptoms of drought separated from the symptoms of 
charcoal rot?  What influence does cultivar resistance or drought tolerance have on disease 
development?  Can the physiological effects of charcoal rot be measured non-destructively 
during the season?  The objectives of this research are to 1) To quantify the effects of genotype 
and drought on the development of charcoal rot and 2) determine the efficacy of non-destructive 
techniques to measure disease development during the season. 
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 Materials and Methods 
 To quantify the effects of genotype and drought on the development of charcoal rot on 
soybeans and to determine the efficacy of non-destructive techniques to measure disease 
development during the season a two year microplot experiment was conducted in 2008 and 
2009 at the University of Arkansas Agricultural and Research Station located in Fayetteville, 
AR.   
Experimental Design 
 The experimental design was a randomized complete block with five replications 
consisting of four soybean genotypes with two infestation and two irrigation treatments for a 
total of sixteen treatments in each replication.  The genotypes were DT97-4290, moderately 
resistant to charcoal rot (Mengistu et al. 2007; Paris et al. 2006), Delta Pineland 4546, suspected 
to be moderately resistant to charcoal rot (John Rupe, unpublished),  R01-581F, a genotype 
developed to be drought tolerant (Chen et al. 2007) and LS980358, susceptible to charcoal rot 
(Mengistu et al. 2007).  The two infestation treatments were plots infested with M. phaseolina 
and plots that were non-infested.  The irrigation treatments were plots that were water stressed 
(stressed) and plots that were well-watered (non-stressed).   
Soil Infestation and Planting 
 The microplots used in this experiment were eighty ceramic tubes (39 cm long by 39 cm 
wide by 55 cm deep) that had been buried in the ground.  A mesh weed barrier was place at the 
bottom of each microplot to limit root growth.  Forty of the microplots were filled with 
pasteurized soil (pH of 6.3, P = 5.2, K = 62.7, S = 4.0, Zn = 1.4) that had not been infested with 
M. phaseolina.  The other forty microplots were filled with pasteurized soil that had been 
artificially infested with M. phaseolina grown on millet seed.  Inoculum was produced by 
placing 827 g of autoclaving millet seed in a plastic gallon jugs and adding 950 ml of water per 
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 jug.  The jug was covered with a foam cap and aluminum foil and autoclaved for 50 minutes, and 
then autoclaved again for an additional 50 minutes 24 hours later.  An isolate of M. phaseolina 
recovered from soybean at Pinetree, AR was grown on PDA (Difco) in 9 cm plastic Petri dishes.  
Once the jugs of sterile millet seed had cooled to room temperature, the culture from one plate 
was added to each jug by cutting it into 1 cm2 pieces and mixing into the millet.  The jugs of 
inoculum were shaken every other day to avoid clumping and to allow complete colonization of 
all the millet seed.  After ten days, the millet seed was removed from the jugs, spread on wire 
screens under a fume hood and allowed to air dry.    
 To determine M. phaseolina population levels in the inoculum 5 grams of dry inoculum 
was mixed with 500 grams of soil in a plastic bag.  Then 25 grams of the inoculum soil mixture 
was added to 237 ml of diluted water agar (0.2% agar) in a plastic 500 ml Erlenmeyer flask with 
a rubber stopper and shaken for ten minutes on a wrist action shaker (Model: 75, Burrell 
Corporation, Pittsburg, PA).  One ml of the suspension was pipetted into each of six Petri dishes 
and 75 ml of selective media was added to each dish.  The plates were swirled to evenly 
distribute the soil throughout the media.  The selective media used was a modified version of 
Cloud and Rupeb (1991) RB medium consisting of Difco potato-dextrose agar (39 g), rifampicin 
(100mg), Apron 50 WP (0.45 g, 224mg a. i.), Tergitol NP-10 (1ml) and 1 L of deionized water 
(Cloud and Rupeb, 1991).  Once the media had cooled, the plates were placed in an incubator 
(Precision Thelco Model 6, Precision Scientific Co., Coimbatore, Tamil Nadu, India) at 33°C for 
four days.  Then the colonies of M. phaseolina were counted and the number of colony forming 
units of the fungus per gram of oven dry weight soil was calculated.   
 The inoculum was incorporated into the soil by mixing 187 g of air dry infested millet 
seed with fifty shovelfuls of pasteurized soil (estimated weight of 250 grams of dry soil per 
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 shovelful) using a cement mixer, for a goal of 100 cfu per gram of soil.  Each cement mixer load 
of soil could fill one and a half microplots.  Once all plots had been filled, they were watered to 
allow the soil to settle.  At the time of planting in 2008, soil samples were taken from two 
randomly selected infested plots and one randomly selected non-infested plot from each 
replication to confirm that M. phaseolina was present in infested plots and that non-infested plots 
were free from the fungus.  This was done by collecting four 2.5 cm diameter soil cores from the 
top 15 cm of soil.  These cores were bulked and 27 grams of soil from each sample was mix with 
237 ml diluted water agar was processed as previously described.   Soil moisture of the samples 
was determined by drying 20 g of each soil sample in a Fisher Isotemp oven (Thermo Fisher 
Scientific Inc., Pittsburg, PA) at 100°C for 24 hours.  Population densities of M. phaseolina for 
each soil sample were reported as CFU per gram of oven dry soil.  Soil samples were taken from 
each plot to assess soil population densities of M. phaseolina at harvest in 2008, before planting 
in 2009 and at harvest in 2009.  The soil was kept at 4.5°C until processed.  With these samples, 
a soil assay procedure developed by Mengistu et al (2009) was used.  Each soil sample was 
ground with a mortar and pestle into a fine powder, then one gram of soil was placed in 
microcentrifuge test tube which was added to 100 ml of 0.525% NaOCL in a blender.  The 
mixture was mixed for three 1 minute intervals with 15 seconds pause in between mixings.  Then 
the sample was washed with sterile water over a 45 µm sieve for 2 minutes and poured into a 
sterile 150 ml glass flask (Mengistu et al. 2009).  The blender and sieve were washed with soap 
and water between samples.  To each flask, 50 ml of modified RB media was added, mixed well 
with the soil sample and poured into 5 sterile petri dishes.  The modified RB media used in this 
procedure was the same as previously described except Apron 50 WP was omitted (Mengistu et 
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 al. 2007).  Colonies were counted 6 to 7 days after incubation at 33ºC.  Percent moisture of the 
soil was determined as previously described.  
Plots were planted on 20 and 21 June, 2008 and on 2 June, 2009.   All soybean seeds 
were treated with the fungicide Apron MaxxRTA+ Moly.  In each microplot, three, 2 to 3 cm 
deep furrows were dug and ten seeds were placed in each furrow for a total of thirty seed per 
plot.  In 2008, since DT974290 seeds only had 40 % germination, 20 seeds were planted in each 
furrow.  In 2009, seed from 2008 were used for planting and all plots were planted with 30 seeds 
per plot.  Three grams of Bradyrhizobium japonicum bacteria grown on vermiculite was mixed 
with 100 ml of water and poured on top of the seeds.  B. japonicum inoculum was produced by 
pouring 1 L of Vincent’s Yeast Mannitol Broth into four 1 liter flasks (250 ml per liter) and 
autoclaving for 30 minutes at 120°C (Vincent 1970).  One ml of USDA 110 B. japonicum that 
had been stored at -80°C in ½ ml glycerin and ½ ml Vincent’s medium was added to each flask.  
Flasks were placed on a shaker for 5 to 7 days until liquid had a grainy white appearance.  Then 
inoculum was poured onto the vermiculite until saturated and stored in plastic bags at 5°C. This 
inoculum was produced and provided by Marilynn Davis and Andy King (University of 
Arkansas Crop, Soil, and Environmental Science Department).  After B. japonicum inoculum 
was added, seeds were then covered with soil and watered with the equivalent of 2.5 cm of 
rainfall.   
Irrigation and Environmental Data 
 In 2008, soil moisture and soil temperature was monitored and recorded using two 
Watermark soil moisture and external soil temperature sensors connected to Watchdog (model 
425) data loggers (Spectrum Technologies, Inc., Plainfield, Illinois).  The sensors were buried 10 
cm in the soil of two neighboring plots, one stressed plot and one non-stressed, both were plots 
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 in replicate 1.   In 2009, three pairs (one stressed plot and one non-stressed plot) of moisture 
sensors were buried in neighboring non-infested plots in replications 1, 4, and 5.  Soil moisture 
was also measured using a TH20TM portable soil moisture meter (Dynamax Inc, Houston, TX) 
connected to a HH2 moisture meter (Delta-T devices, Cambridge, England).  For both years, all 
plots were given enough water to be equivalent to 2.5 cm of rainfall whenever the soil matric 
potential reached -30 Joules per kg or 15 percent soil moisture until 27 days after planting (DAP) 
when water was withheld from water-stressed plots.  Plots were irrigated by drip irrigation with 
separate irrigation lines supplying water to stressed and non-stressed plots.  After 27 DAP in 
2008, stressed plots only received rainfall until harvest.  After 27 DAP in 2009, stressed plots 
received only rainfall until 55 DAP when black trash bags were used to cover the stressed plots 
before each rain until 86 DAP when plants reached R6.  Rainfall was measured in millimeters 
using a tipping bucket rain gauge (Spectrom Technologies, Plainfield, Illinois) located in the 
same field as the microplots.  Rainfall measurements were from July 2 to October 14 in 2008 and 
June 10 to October 2 in 2009.  Outside air temperatures were recorded every fifteen minutes 
using a Davis Vantage Pro (Davis Instruments Corp., Hayward, CA) weather station located east 
of the Crops, Soils, and Environmental Sciences (CSES) shop on the farm and data was provided 
by Dr. Vaughn Skinner of the Arkansas Agricultural Research & Extension Center.   
Plant Growth 
 Plants were sampled from the first row in each plot at 17 DAP (V1/V2 growth stage) in 
2008 and at 20 DAP (V2/V3) in 2009 and the middle row was thinned to six plants.  The second 
sampling took place on 31 and 32 DAP (V3/V4 growth stage) in 2008 and 37 DAP (V5/V6 
growth stage) in 2009, by collecting all the plants from the third row.  Plants were stored at 5°C 
until processed.  Average growth stage, plant height, and root length was determined using four 
representative plants from each plot.  Determination of growth stage was based on the soybean 
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 growth parameters developed by Fehr et al. (1971).  Plant height was measured from the soil line 
to the apical meristem in centimeters.  Root length was measured from the soil line to the end of 
the tap root in centimeters.  Dry top weight and dry root weight were based on all plants sampled 
from each plot.  The top of the plant was cut from the roots at the soil line, placed in paper bags 
and dried for 24 hours at 60°C to determine dry top weight.  Roots from each plot were washed 
under running water for 20 minutes and were surface disinfested by soaking in 0.525% NaOCl 
for 90 seconds.  To eliminate further colonization of the root tissue by the pathogen, roots from 
each plot were placed in paper envelopes and air dried in a growth chamber at 28˚C for 24 hours 
(Kendig et al. 2000; Short et al. 1978) and weighed to determine  root weight.   
Root Assay for M. phaseolina Microsclerotia Densities 
The dried roots were ground using a grinder (Arthur H. Thomas Co., Philadelphia, PA) 
with a #20 (1.04 mm) screen.  M. phaseolina microsclerotia densities of root tissue for the first 
sampling in 2008 was determined by weighing a portion of root tissue (0.25 to 0.70 g) from each 
sample and placing it in a sterilized 250 ml flask with 100 ml of RB agar (Kendig et al. 2000).  
Flasks were incubated in a hot water bath at 45°C for 20 minutes and then poured into 6 Petri 
dishes.  Once agar had solidified, they were incubated at 33°C for six to seven days, colonies 
were counted and expressed as colony forming units per gram of dry root tissue.  To calculate 
root dry weight, a second portion of each sample was dried in a Napco ® mechanical convection 
oven at 60°C for 24 hours and percent moisture was determined.  The root assay procedure used 
for the second sampling, harvest sampling in 2008 and all roots sampled in 2009, was changed to 
a modified version of Mengistu et al (2007) in order to conform to the procedures being used in a 
regional charcoal rot study.  In this procedure, a weighted portion of root tissue (0.15-0.70 g) was 
placed in a 15 ml test tube with three ml of 0.525% NaOCl.  The test tubes were shaken with a 
Vortex-T Genie 2 vortex mixer (Scientific Industries Inc., Bohemia, NY) for three one minute 
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 intervals with 15 seconds between mixing.  Each sample was washed with sterile water over a 45 
µm sieve for one to two minutes and then poured into a sterilized 150 ml flask.  Fifty to seventy-
five milliliters of modified RB agar was added to the flasks and mixed with the root tissue.  The 
contents of the flasks were poured into five Petri dishes and incubated at 33ºC for 6 to 7 days 
before M. phaseolina colonies were counted.   
Stomatal Conductance 
Stomatal conductance was measured with an SC-1 Leaf Porometer (Decagon Devices 
Inc., Pullman, WA) with a range of 0 to 1000 mmol/m2s and a sample chamber aperture of 6.35 
mm (Leaf Porometer Operator's Manual version 5.0  2008).  Measurements were made by 
clipping the sensor of the leaf porometer onto a leaf at the top of the canopy just below the 
newest green leaf.   Stomatal conductance measurements were taken from two leaves per plot 
and the two readings were averaged.  For accurate readings, stomatal conductance was measured 
when the sun is highest in the sky between the hours of 11:00 A. M. and 2:00 P.M. and when the 
sky was clear to prevent interference from clouds.  This short window of available time made it 
possible to take measurements from only three of the five replications (replications 1-3) on each 
of the days that stomatal conductance was collected.  Measurements were taken on 47, 70, 77, 
and 98 DAP in 2008 and 52, 63, 69, 72, and 84 DAP in 2009.   
Canopy Temperature  
The canopy temperature for each plot was measured between 11 a.m. and 2 p.m. on the 
same days that stomatal conductance was measured.  In 2008, canopy infrared radiation was 
measured with an Omega OS562 infrared thermometer (Omega Engineering inc., Stamford, CT).  
In 2009, a Raytek Raynger ST 20 PRO standard infrared non-contact thermometer (Raytek, 
Santa Cruz, CA) was used instead.    For both years, the infrared gun was held about 31 cm away 
from the plants and was aimed at the center of the canopy.  Measurements were taken on 47, 63, 
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 70, 77, 95, and 98 DAP in 2008 and 52, 63, 69, 72, and 84 DAP in 2009.  The canopy 
temperature was used to calculate the empirical equation for the crop water stress index (CWSI) 
(Bajwa and Vories 2007).   
CWSI ൌ
TC୧ െ TC୫୧୬
TC୫ୟ୶ െ TC୫୧୬
 
TCmin is the canopy temperature for a plot with the lowest temperature and TCmax is the 
canopy temperature from the plot with the highest temperature.  TCi is the canopy temperature 
for the test plot.  CWSI is unitless with values ranging from 0 to 1.   
Canopy Reflectance 
 Canopy reflectance was measured with a portable dual sensor spectro-radiometer 
(Model: Field Spec Pro Dual UV/VNIR, Analytical Spectral Devices, Boulder, CO) that had a 
spectral range of 350-1070 nm with a spectral resolution of 3 nm.   The upwelling and 
downwelling radiance were measured simultaneously using two sensors, a target sensor and a 
reference sensor.   The target sensor was first held vertically at a 90º angle about 10 cm above 
the plants when the plants were in the early vegetative stages to avoid picking up the soil 
background, the target sensor was moved to approximately 31 cm above plants when the plants 
had reached full canopy.  The target sensors had a 25° field of view.  The reference sensor was 
mounted on a two foot stake oriented at a 45º to a reference (spectralon) panel that had 98% 
reflectance in the 350-1070 nm range.  The reference sensor was 2.5 cm away from the reference 
panel with a view angle of 25 º and an elliptical view area of 3 cm2.  Even though these sensors 
had different view areas, both had the same scaling effect for all observations for each day.  This 
spectro-radiometer was connected to a Panasonic Toughbook CF-37 laptop computer (Panasonic 
Corporation, Secaucus, NJ) that used Fieldspec ® Dual RS3 91019 High Contrast RS3 Dual 
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 software for recording data.  The spectro-radiometer was either pushed on a cart or carried in a 
backpack harness.  ViewSpec Pro version 4.05 was used to calibrate the measurements.  Three 
reflectance measurements were taken from each plot, each measurement from a different plant in 
the plot.  Measurements taken with the target sensor were divided by the corresponding 
reflectance measurements to express reflectance as a ratio.  Canopy reflectance was measured 
when the sun was highest in the sky between the hours of 11:00 A. M. and 2:00 P.M. and when 
the sky was clear and free of clouds that might interfere with the sunlight.  Canopy reflectance 
measurements were taken 17, 31, 38, 45, 55, 59, 67, 88, and 97 DAP in 2008 and 20, 37, 45, 51, 
59, 62, 80, and 85 DAP.  Ten vegetation indices were calculated from the reflectance 
measurements: difference vegetation index (DVI), normalized difference vegetation index 
(NDVI), red edge inflection point (REIP), water index  (WI), water band index (WBI), 
photochemical reflectance index (PRI), soil adjusted vegetation index (SAVI), derived leaf 
chlorophyll a and b concentration index (D-chl-ab), structural independent pigment index (SIPI), 
normalized pigment chlorophyll index (NPCI) (Table 1).   
Stem and Root Rating 
The remaining plants in each microplot were removed at late R7 growth stage.  The roots 
were washed free of soil and the plants were then laid on top of burlap sacks for one to two 
weeks in the greenhouse with box fans blowing air over them to air dry. The total number of 
plants and the total weight of all the plants in the plot were recorded for each plot.   Plant height 
of each plant was measured from the cotyledon scar to the apical meristem in centimeters.   In 
2009, plants in rep 5 were not measured due to animal damage.  The roots, stems and tops were 
split length wise using a knife and roots were rated for microsclerotia colonization using a 1 to5 
rating system where a rating of 1 = no visible microsclerotia present, 2 = a few visible 
microsclerotia, 3 = microsclerotia has discolored and partially covered the vascular tissue of the 
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 root, 4 = numerous microsclerotia embedded in tissue, vascular tissue discolored and visible 
under the epidermis of root and stem sections, and a rating of 5 = high numbers of microsclerotia 
darkened vascular tissue, visible inside and outside root and stem tissue (Mengistu, Ray, et al. 
2007).  The height of stem discoloration due to microsclerotia was measured starting at the 
cotyledon scar to the farthest point where microsclerotia were visible in the stem (Mengistu et al. 
2007).  The height of discoloration was divided by plant height and multiplied by 100 to 
determine percent plant height stem discoloration.  In 2009, stem discoloration was not measured 
for repetition 5 due to animal damage.  The roots were then cut off at cotyledon scar and placed 
in paper sacks until they could be ground using a Thomas-Wiley Laboratory mill (Model: 4, 
Author H. Thomas company, Philadelphia, PA) with 1mm sieve.  The ground roots were assayed 
for root colonization according to a modified procedure  previously described, but only 0.05 g of 
root tissue from each sample was washed in 2 ml testubes with 1 ml of 0.525% NaOCl 
(Mengistu al. 2007).  Percent moisture of the root tissue was determined by taking a second 
portion of the root tissue from each plot and placing it in a drier for 24 hours at 60º C.  Number 
of colonies of M. phaseolina was reported as CFU per gram of dry root tissue. 
Yield 
After stems were measured, the top parts of the plants were threshed for yield.  In 2008, 
plants were threshed using a mechanical thresher, but in 2009 plants were threshed by hand to 
avoid losing seed since many plots had very low yields.  In 2009, yields were not taken for 
replication 5 due to animal damage.  Seeds from each plot were weighed and counted using an 
Agriculex Exc-1 electronic seed counter (Agriculex inc. Guelph, Ont., Canada).  Percent 
moisture was determined by weighing ten seeds from each plot and drying at 60°C for 24 hours 
and then re-weighing them. 
23 
 
 Analysis of Variance (ANOVA) 
ANOVA was performed using Proc GLM in SAS 9.2 software (SAS Inc., Cary, NC, 
USA) to determine treatment effects for plant height, dry top weight, dry root weight, stomatal 
conductance, CWSI, canopy reflectance, root colonization, soil population and yield were by 
date and by year.  For the analysis of plant height, dry top weight, and dry root weight, stomatal 
conductance, CWSI, canopy Reflectance and yield, the main effects of the model were genotype, 
infestation, irrigation, and their interactions.  Rep (block) was the random variable.  A log 
transformation (log10 +1) was performed on the data from root colonization and soil population 
before statistical analysis.  For the root colonization and soil population the main effect of 
infestation was removed from the model because only infested plots were analysis.  Root and 
stem severity and plant height stem discoloration could not be analysis statistically because the 
majority of the ratings were 1 which equals no visible microsclerotia present. Canopy reflectance 
measurements taken on 17, 31 and 59 DAP in 2008 as well as other reflectance measurements 
containing too much noise in the data (measurements with reflectance readings over 2.0 or with 
readings at 0.10 or higher starting at 350 nm) were removed from the analyses.  Treatment means 
were separated using a Fisher’s protected least significant difference. 
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 Results 
Environmental Data 
 For 2008, the highest air temperature during the season (June 20th to October 14th) was 
38.3°C and the lowest temperature was 6.2°C (Figure 1).  The average monthly maximum and 
minimum temperature in June was 28.9°C and 19.3°C,  July was 31.8°C and 21.1°C, August  
was 30.3°C and 16.2°C, September was 25.9°C and 16.0°C and October was 23.7°C and 11.9°C, 
respectively.  Air temperature failed to record between August 13 and August 19 due to a sensor 
malfunction.  The running 7 day average temperature for 2008 was similar or lower than the 30 
year average except from 14 July to 2 August, from 17 September to 26 September and from 
October 7 to October 14 (Figure 2) (Climatography of the United States NO. 84, 1971-2000).  
The maximum soil temperatures for stressed plots were higher than non-stressed plots from early 
July through the first week of August and then from mid-August until the end of September 
(Figure 3).  The minimum soil temperatures for stressed plots were lower than non-stressed plots 
starting from 21 July till the end of the season.   
 In water stressed plots, the soil water matric potentials (SWMP) fell below -30 J/kg 
during six time periods in 2008: July 19th to July 23rd reaching -42 J/kg; July 31st to August 6th 
reaching as -64 J/kg or possibly lower (soil sensor malfunction on August 6); between August 17 
to August 23 reaching -85 J/kg; August 26th to September 2 reaching -100 J/kg; September 9th to 
September 13 reaching -48 J/kg and September 20th to October 2nd reaching -144 J/kg (Figure 4).  
Since irrigation was withheld from stressed plots beginning July 17 (27 DAP), stress periods 
were all ended by rainfall.  The SWMP of non-stressed plots remained above -30 J/kg throughout 
the season except for August 14 to August 15 reaching -34 J/kg, August 16th to August 18 
reaching -45 J/kg, August 28th to August 29th reaching -39J/kg, August 31st to September 2nd 
25 
 
 reaching -46 J/kg and September 12th to September 13th reaching -35J/kg.  These periods where 
SWMP fell below -30 J/kg never lasted more than two or three days.   
 The total rainfall from July 2 to October 14 in 2008 was 557.0 mm. Monthly rainfall 
totals were 189 mm for July (starting on July 2), 128 mm for August, 197 mm for September and 
43 mm from October 1 to 14th which were 60% higher for July, 40% higher for August, 38% 
higher for September and about the same for October compared than the 30 year rainfall average 
(1971-2000) (80, 77, 123, and 44 mm respectively) (Climatography of the United States NO. 84, 
1971-2000).  The largest rainfall events to occur in one day were on July 9 (65.5 mm), August 23 
(45.0 mm), September 3 (86.1 mm), and September 14 (52 mm) (Figure 4).   
 In 2009, highest air temperature during the season was 36.9°C and the lowest temperature 
was 6.4°C (Figure 5).  The average maximum and minimum temperature for June was 30.6°C 
and 20.4°C, for July was 30.7°C and 20.2°C, for August 30.0°C and 19.2°C, and for 
September/October was 24.7°C and 16.0°C.  The running 7 day average air temperatures in 2009 
were generally above the 30 year average until 14 July and then was generally below the 30 year 
average (Figure 2) (Climatography of the United States NO. 84, 1971-2000).  In 2009, the 
maximum and minimum soil temperature of stressed plots were similar to the non-stressed plots 
(Figure 6).   
 The soil water matric potential of stressed plots exceeded -30 J/kg from June 18 to June 
19 reaching -36 J/kg, from June 28 to July 3 reaching -66 J/kg, from July 11 to July 21 reaching -
169 J/kg, and from July 27 to September 2 reaching -98 J/kg (Figure 7).  This last stress period 
was during a rain shelter period where the SWMP of stressed plots ranged between -22 J/kg to -
98 J/kg, with an average of -44.6 J/kg.   This rain shelter period ended on September 2 when the 
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 plants had reached the R5/R6 growth stage and were allowed to receive rainfall to the end of the 
season.  Multiple rainfall events fell after September 2 kept SWMP for all plots above -22 J/kg.  
Non-stressed plots remained above -30 J/kg except from June 18th to June 19th reaching -34 J/kg, 
from June 28 to June 29 reaching -39 J/kg, and from September 28 to September 29 reaching       
-39J/kg. 
 The total rainfall from June 10 to October 2 in 2009 was 432 mm.  Monthly rainfall totals 
were 102 mm in June (starting on June 2), 122 mm in July, 54 mm in August, 149 mm in 
September, and 4 mm between October 1 to 2 which were 20% lower for June, 35% higher for 
July, 29% lower for August, and 18% higher for September then the 30 year average for these 
months (129, 80, 76, 112 mm respectively) (Climatography of the United States NO. 84, 1971-
2000). The largest rain events to occur in one day were on June 12 (31.0 mm), June 14 (47.0 
mm), August 20 (34.7 mm), and September 21 (42.6 mm) (Figure 7).  The average growth stage, 
air temperature, soil temperature, SWMP, and last day water was received for non-stressed and 
stressed plots for each stomatal conductance, canopy temperature and canopy reflectance 
measurement are presented in Table 2 for 2008 and in Table 3 for 2009.  
Stomatal Conductance 
 In 2008, there was a significant (P < 0.05) genotype effect at 98 DAP, a significant 
infestation effects at 47 and 98 DAP, significant irrigation effect of 47 DAP and a significant 
infestation by irrigation interaction at 47 DAP (Table 4).  At 98 DAP, R01581F had significantly 
higher stomatal conductance than the other three genotypes (Table 5).  LS980358 had 
significantly higher stomatal conductance than DT974290, but did not differ from Delta Pineland 
4546.  At 47 DAP, stomatal conductance was significantly lower for the infested, stressed 
treatment than the other three treatments (Figure 8).  At 98 DAP, plots infested with M. 
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 phaseolina had significantly lower stomatal conductance (184.2 mmol(m2.s)) than non-infested 
plots (222.4 mmol(m2.s)).  SWMP at 47 and 98 DAP was much lower in the stressed than non-
stressed plots and stressed plots had not received water for 14 and 12 days, respectively (Table 
2).   
 In 2009, there were significant (P < 0.05) genotype effects at 52 and 63 DAP (P = 
0.0527), significant infestation effects at 52, 69, and 72 DAP, and significant irrigation effects on 
52, 63, 69, and 84 DAP (Table 6).  At 52 DAP, Delta Pineland 4546 had significantly higher 
stomatal conductance than the other three genotypes and significantly higher stomatal 
conductance than DT974290 and R01581F at 63 DAP, but did not differ significantly from 
LS980358.  LS980358 had significantly higher stomatal conductance than R01581F at 63 DAP.  
Plants in infested plots had significantly lower stomatal conductance than plants in non-infested 
plots at 52, 69, and 72 DAP (Table 7).  Plants that were water stressed had significantly lower 
stomatal conductance than non-stressed plants at 52, 63, 69 and 84 DAP.  SWMP at the time 
stomatal conductance was measured ranged from -21.7 to -53.7 J/kg for stressed plots and -5.8 to 
-32.2 J/kg for non-stressed plots (Table 3).  Length of time since watering ranged from 3 to 35 
days and from 1 to 3 days for stressed and non-stressed plots, respectively.   
Crop Water Stress Index (CWSI) 
 In 2008, for CWSI there was a significant (P < 0.05) genotype effects at 47, 70 and 98 
DAP, irrigation effects at 47 and 77 DAP and significant (P < 0.10) irrigation effect at 63 DAP,  
infestation effect at 98 DAP (P < 0.10), a genotype by infestation by irrigation interaction at 70 , 
DAP (P < 0.10), a genotype by infestation interaction at 77 DAP (P < 0.10) and an infestation by 
irrigation interaction at 70 and 98 DAP (P < 0.10) (Table 8).  At 47 DAP, DT974290 had higher 
CWSI than Delta Pineland 4546 and R01581F, but did not differ from LS980358 (Table 9).  At 
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 98 DAP, R01581F had significantly lower CWSI than the other three genotypes.  At 70 DAP, 
DT974290 and Delta Pineland 4546 non-stressed non-infested plots had significantly lower 
CWSI than stressed, infested plots of the same cultivar (Figure 9).  With R01581F, infested, non-
stressed plots and non-infested, stressed plots had significantly lower CWSI than the infested, 
stressed plots or non-infested, non-stressed plots.  With LS980358 infested, non-stressed plots 
had significantly lower CWSI than the non-infested, non-stressed plots.  At 77 DAP, infested 
plots of LS980358 had higher CWSI than non-infested plots (Figure 10).  At 98 DAP, non-
infested, non-stressed plots had significantly lower CWSI than the other three treatments (Figure 
11).  Water-stressed plots (0.47, 0.57, and 0.55) had higher CWSI than non-stressed plots (0.37, 
0.46, and 0.42) at 47, 63, and 77 DAP respectively.  SWMP at the times when CWSI was 
measured ranged from -8.4 to -73.4 J/kg for stressed plots and -5.8 to -38.4 for non-stressed 
plots.  The last water event was 2 to 14 days for stressed plots and 2 to 5 days for non-stressed 
plots (Table 2) 
 In 2009, there was a significant (P < 0.05) genotype effect at 69 and 84 DAP, significant 
infestation effect on 69 (P < 0.10) and 72 DAP (P < 0.05), significant irrigation effect at 63, 69, 
and 84 DAP, significant (P < 0.10) irrigation effect at 72 DAP and significant genotype by 
infestation interaction at 69 DAP (Table 10).   At 84 DAP, DT974290 had significantly higher 
CWSI than the other three genotypes (Table 9).  At 72 DAP, plants in infested plots (0.53) had 
higher CWSI than plants in non-infested plots (0.40).  Water-stressed plots (0.44, 0.58. 0.68) had 
significantly (P < 0.05) higher CWSI than non-stressed plots (0.30, 0.32, 0.52) at 63, 69, and 84 
DAP, respectively, and water-stressed plots (0.51) had significantly (P < 0.10) higher CWSI than 
non-stressed plots (0.43) at 72 DAP (P = 0.0601).  At 69 DAP, LS980358 in infested plots had 
significantly (P < 0.05) higher CWSI than in non-infested plots (Figure 12).     
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 Canopy Reflectance 
 The measurements taken at 17, 31 and 59 DAP in 2008 were not analyzed because there 
was too much error in the data.  The overall responses of all these indices were not consistent 
across sample dates or year, so only the results of NPCI will be presented here.  Results of the 
other indices are presented in the appendix.  In 2008 for NPCI, there was a significant (P < 0.05) 
genotype effect at 88 DAP, a significant (P < 0.05) infestation effect at 88 DAP,  a significant (P 
< 0.05) irrigation effect at 45 DAP, significant (P < 0.10) genotype by infestation interaction at 
45 DAP,  a significant (P < 0.05) infestation by irrigation interaction at 38 DAP and a significant 
genotype by infestation by irrigation interactions at 55 DAP (P < 0.10) and 97 DAP (P < 0.05) in 
2008 (Table 11).  At 88 DAP, R01581F had significantly lower NPCI than the other three 
genotypes (Table 12).  Also at 88 DAP, plants in infested plots (0.24) had lower NPCI than in 
non-infested plots (0.27).  At 45 DAP, water stressed plots had lower NPCI than non-stressed 
plots (Table 13).  Also at 45 DAP, infested plots of DT974290 and LS980358 had lower NPCI 
than non-infested plots, while the other two genotypes did not differ between infested and non-
infested plots (Table 14).  At 38 DAP, infested, stressed plots had significantly lower NPCI than 
non-infested, stressed plots or infested, non-stressed plots (Table 15).  At 55 DAP, plants of 
DT974290 in infested stressed plots of had significantly lower NPCI than plants in infested non-
stressed plots(Table 16).  At 97 DAP, plants of DT974290 in non-infested, stressed plots had 
significantly higher NPCI than in the other three treatments.  Plants of LS980358 in non-infested, 
non-stressed plots had higher NPCI than in the other three treatments.   
 In 2009 for NPCI, there was a significant (P < 0.10) genotype effect at 20 DAP, 
significant (P < 0.05) genotype effects at 37, 45, 51, 59, 62, 80, and 85 DAP, a significant (P < 
0.05) infestation effect at 20 DAP, significant (P < 0.05) irrigation effects at 45, 51, 80 and 85 
DAP, a significant (P < 0.05) genotype by infestation interaction at 59 DAP, and significant 
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 genotype by irrigation interaction at 59 DAP (P < 0.10) and 80 DAP (P < 0.05) (Table 17).  
R01581F had lower NPCI than the other genotypes at 37, 45, 59, 62, and 85 DAP (Table 12).  
LS980358 had higher NPCI than Delta Pineland 4546 and R01581F, but was not significantly 
different from DT974290 at 20 and 51 DAP.  At 80 DAP, DT974290 had higher NPCI than 
R01581F, but did not differ from the other two genotypes (Table 12).  At 20 DAP, plants in 
infested plots (0.16) had lower NPCI than plants in non-infested plots (0.21).  Plants in stressed 
plots had higher NPCI than in non-stressed plots at 45, 51, and 85 DAP in 2009 (Table 13).  At 
59 DAP, Delta Pineland 4546 in infested plots of having lower NPCI than in non-infested plot, 
but NPCI was higher for infested plots of LS980358 than non-infested (Table 14).  Also, at 59 
DAP, Delta Pineland 4546 in stressed plots had higher NPCI than in non-stressed plots while 
LS980358 in stressed plots had a lower NPCI than non-stressed plots (Table 18).  At 80 DAP, 
plants in stressed plots had higher NPCI than in non-stressed plots for LS980358 and R01581F 
(Table 18).   
Plant Growth  
 For plant growth stage, there was a significant genotype effect at 17 DAP and 31 DAP in 
2008 and at 20 and 37 DAP in 2009, significant infestation effect at 31 DAP in 2008 and 20 
DAP and 37 DAP in 2009, and a genotype by infestation by irrigation interaction at 31 DAP in 
2008 (Table 19).  At 17 DAP in 2008, LS980358 and Delta Pineland 4546 had a significantly 
greater growth stage than DT974290 and R01581F (Table 20).  Also, DT974290 had a 
significantly higher growth stage than R01581F.  At 20 DAP in 2009, R01581F and DT974290 
had significantly greater growth stage than LS980358 and Delta Pineland 4546.  At 37 DAP, 
DT974290 had significantly greater growth stage than the other three genotypes.  In 2009, plants 
in infested plots had a greater growth stage than plants in non-infested plots at 20 DAP (2.8 and 
2.5, respectively) and at 37 DAP (5.8 and 5.6, respectively).  At 31 DAP in 2008, DT974290 in 
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 non-infested, non-stressed plots had a significantly lower growth stage than the other three 
treatments (Table 21).  Delta Pineland 4546 infested, non-stressed plots had significantly greater 
growth stage than in infested, stressed and non-infested, non-stressed plots.  R01581F infested, 
stressed plots and non-infested, non-stressed plots had significantly greater growth stage than in 
infested, non-stressed plots, but did not differ from plants in non-infested, stressed plots.   
For plant height, there were significant effects of genotype on all sampling dates in both 
years and a significant effect of infestation at the second sampling (31 and 37 DAP in 2008 and 
2009, respectively), an irrigation effect at harvest in 2009 and a genotype by irrigation effect at 
31 DAP in 2008 (Table 22).  At 17 DAP, LS980358 plants were significantly taller than the 
other three genotypes in 2008 (Table 23).  At 31 DAP, LS980358 plants were significantly taller 
than the other three genotypes and DT974290 and Delta Pineland 4546 plants were significantly 
taller than R01581F in 2008.  At harvest in 2008, DT974290 was the tallest genotype, Delta 
Pineland 4546 was the second tallest and there was no significant difference in height between 
LS980358 and R01581F.  In 2009, at 20 DAP, LS980358 plants were significantly taller than the 
other three genotypes and DT974290 and R01581F plants were significantly taller than Delta 
Pineland 4546 in 2009.  At 37 DAP, Delta Pineland 4546 was significantly shorter than the other 
three genotypes in 2009.  At harvest in 2009, DT974290 were significantly taller than the other 
three genotypes (Table 23).  Plants in infested plots were significantly taller than plants in non-
infested plots (15.4 cm and 14.1 cm, respectively) at 31 DAP in 2008 and (25.3 and 23.8 cm, 
respectively) at 37 DAP in 2009.  At harvest in 2009, non-stressed plants (40.8 cm) were 
significantly taller than stressed plants (34.3 cm).  Plants in stressed plots of DT974290 were 
significantly taller than those from non-stressed plots at 31 DAP in 2008 (Figure 13).   
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  For the average single plant dry top weight, there was a significant genotype effect on 
both sampling dates in both years and an infestation effect at 31 DAP in 2008 and at 20 DAP and 
37 DAP in 2009 (Table 24).  For the average single plant dry top weight , LS980358 weighed the 
most at both sampling dates in both years (Table 25), DT974290 and R01581F had the lowest 
weight in 2008 and Delta Pineland 4546 the lowest weight on both sampling dates in 2009 
(Table 25).  At 31 DAP in 2008 and 20 DAP and 37 DAP in 2009, the average dry top weight of 
a single plant was greater in infested than non-infested plots.  
 For average tap root length, there were genotype effects at 17 DAP and 31 DAP in 2008 
and 20 DAP in 2009, an infestation effect at 20 DAP in 2009, and irrigation effects at 31 DAP in 
2008 and 37 DAP in 2009 (Table 26).  At 17 DAP and 31 DAP in 2008, Delta Pineland 4546 
plants had significantly longer tap root than DT974290 and R01581FC (Table 27).  At 20 DAP 
in 2009, DT974290 and Delta Pineland 4546 plants had significantly longer tap roots than 
R01581FC (Table 27).  At 20 DAP in 2009, plants in infested plots (84.4 mm) had significantly 
tap longer roots than in non-infested plots (67.6 mm).  At 31 DAP in 2008, non-stressed plants 
(173.8 mm) had significantly longer tap roots than stressed plants (140.1 mm).  At 37 DAP in 
2009, non-stressed plants (126.5 mm) had significantly longer tap roots than stressed plants 
(109.9 mm). 
 For average single plant dry root weight, there were significant genotype effects at 17 and 
31 DAP in 2008, and at 37 DAP in 2009, a significant infestation effect at 20 DAP in 2009, 
significant irrigation effects at 31 DAP in 2008 and 37 DAP in 2009 (Table 28).  At 17 and 31 
DAP in 2008, Delta Pineland 4546 and LS980358 had significantly greater single plant dry root 
weight than DT974290 and R01581F.  At 37 DAP in 2009, DT974290 had significantly greater 
single plant dry root weight that Delta Pineland 4546 and R01581F (Table 29).  At 20 DAP in 
33 
 
 2009, plants in infested plots (0.07 g) had significantly greater single plant dry root weight than 
in non-infested plots (0.06 g).  At 31 DAP in 2008, plants in non-stressed plots (0.14 g) had 
significantly greater single plant dry root than stressed plants (0.12 g).  At 37 DAP in 2009, non-
stressed plants (0.24 g) had significantly greater single plant dry root than stressed plants (0.21 
g).   
Macrophomina phaseolina Microsclerotia Densities in Root Tissue 
 Only plants in infested plots were included in the analysis of quantifying root 
microsclerotia densities.  There were significant genotype effects on microsclerotia densities in 
root tissue at harvest in both years and a significant irrigation effect at 37 DAPS in 2009 (Table 
30).   LS980358 and DT974290 had significantly greater root colonization than the other two 
genotypes and there was no significant difference between Delta Pineland 4546 and R01581F 
(Figure 14A).  In 2009, LS980358 had significantly higher densities of microsclerotia than the 
genotypes of Delta Pineland 4546 and R01581FCR.  There was no significant difference 
between DT974290 and the other three genotypes (Figure 14B).  Densities of microsclerotia 
were greater in 2009 than in 2008.  In 2009, at 37 DAP, plants in stressed plots had significantly 
greater microsclerotia densities (2.86 log10 cfu/g) than in non-stressed plots (2.61 log10 cfu/g).   
Soil Population 
 Infested plots varied in M. phaseolina population levels, but there was an average of 412 
CFU/g of oven dry weight soil (ranging from 58.5 to 1092.5 CFU/g of soil) in infested plots at 
the time of planting in 2008.  In 2009, the soil in the plots was reused for the following year and 
infested plots averaged of 478 CFU/g of oven dry weight soil (ranging from 89.7 to 1108.5 CFU/ 
g of soil) at the time of planting.  Contamination of non-infested plots was minimal (2 CFU/g or 
less), only two non-infested plots had to be refilled with pasteurized soil because of 
contamination at the end of the 2008 season.  For soil samples collected at the end of each 
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 season, there was no significant difference in soil population for 2008 or 2009 between 
treatments when comparing infested plots only.  The soil population at the end of the season in 
2008 averaged 361.3 CFU/g of oven dry weight soil (ranging from 111.1 to 835.9 CFU/ g of dry 
soil).  The soil population at the end of the season in 2009 averaged 322.8 CFU/g of oven dry 
weight soil (ranging from 134.4 to 645.9 CFU/g of dry soil).   
Root Stem Severity (RSS) and Percent Height Stem Discoloration (PHSD) 
 When rating the plant root stem severity and measuring for percent height stem 
discoloration, the majority of the infested soybean plants had a rating of 1, meaning there was no 
visible microsclerotia present in the root tissue. In 2008, of the 234 soybean plants harvested 
from infested plots that were assayed for root stem severity rating, 198 (84.6%) had a rating of 1, 
26 (11.1%) had a rating of 2, 5 (2.1%) had a rating of 3, 4 (1.7%) had a rating of 4, 2 (0.9%) had 
a rating of 5.  Of the 37 soybean plants with rating greater than 1, 26 (70.3%) were in the 
genotype LS980358, 7 (18.9%) were in the genotype Delta Pineland 4546, 2 (5.4%) were in the 
genotype DT974291, and 2 (5.4%) were in R01581FCR.  In 2009, of the 236 soybean plants 
harvested from infested plots assayed for root stem severity rating, 206 (87.3%) had a rating of 1, 
5 (2.1%) had a rating of 2, 6 (2.5%) had a rating of 3, 10 (4.2%) had a rating of 4, and 9 (3.8%) 
had a rating of 5.  Of the 30 infested plants that had a rating greater than 1, 18 (60.0%) were 
LS980358, 4 (13.3%) were Delta Pineland 4546, 8 (26.6%) were DT974291, and 0 (0%) were 
R01581FCR.   
Yield 
 For total seed weight, there was a genotype effect in 2008 (P =0.0507) and significant (P 
< 0.05) irrigation effect and genotype by infestation interaction in 2009 (Table 31). In 2008, 
R01581F had higher seed weight per plot in grams than the other three genotypes (Figure 15).  In 
2009, non-stressed plots (19.6 g) had a higher average total seed weight than stressed plots (7.3 
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 g).  LS980358 and R01581F from plots infested with M. phaseolina had significantly (P < 0.05) 
lower average total seed weight per plot than from non-infested plots (Figure 16).  This was a 
yield reduction of 38% for the LS980358 and a reduction of 49% for the R01581F.  For the 
genotype DT974290 and Delta Pineland 4546, there were no significant yield differences 
between infested or non-infested plots (Figure 16).   
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 Discussion 
The association of charcoal rot with drought has always made understanding the effect of 
Macrophomina phaseolina on soybeans difficult because of the similarity of disease and drought 
symptoms.  As a result, most of the previous research has focused on the pathogens ability to 
colonize roots and not on its ability to affect the physiology of the plant.  The major findings of 
the research quantified the effects of genotype and drought on the development of charcoal rot 
and determined the efficacy of non-destructive techniques to measure disease development 
during the season.  Infestation with M. phaseolina resulted in reduced stomatal conductance in 
soybeans at different growth stages during the season in both years.  Most of the effects of 
infestation on soybean stomatal conductance were across genotype and irrigation treatments 
which indicate that infestation with M. phaseolina does not require the presence of drought to 
affect the physiology of the plant.  Previous studies have already shown that water stress alone 
can reduce stomatal conductance in soybeans which this study supports (Isoda and Isodaa 2005; 
Liu et al. 2003; Liu et al. 2005).  The effects of irrigation on stomatal conductance were mainly 
observed in 2009, possibly due to the influence of enhancing the stress periods by constructing 
the rain shelters.  The interaction of infestation with irrigation was only observed on one date in 
2008, where infestation with M. phaseolina combined with water-stressed was able to reduced 
stomatal conductance more than the effect of infestation or water-stress only.  So M. phaseolina 
can affect soybean stomatal conductance independently of drought or can interact with drought 
to increase plant stress.  These results are similar to those of Mayek-Pérez et al (2002) who 
reported that charcoal rot disease severity was negatively correlated with transpiration rate, 
relative water content, water, osmotic and turgor potentials and positively correlated with 
stomatal resistance (the inverse of stomatal conductance) of common bean (Phaseolus vulgaris 
L.).  Pedgaonkar et al (1990) reported that sorghum plants inoculated with M. phaseolina had 
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 increased water saturation deficits (WSD) and decreased absolute water content (AWC) 
compared to healthy plants.  In our study, the presence of the pathogen in soybean root and stem 
tissue caused a stress that reduced gas exchange through the stomata and the transpiration rate of 
the plant.  This implies a disruption of water flow in the plant by the pathogen. 
 Decreasing transpiration may increase canopy temperature due to a reduction in 
evapotranspiration.  An increase in canopy temperature as measured by CWSI occurred in 
response to both infestation with M. phaseolina and water stress, but the effect was not as clear 
with CWSI as with stomatal conductance.  As a result, significance was determined at both the P 
< 0.05 and P < 0.10 levels.  Water stress alone increased CWSI on multiple days in 2008 and 
2009.  Other studies have shown that water stress alone can increase soybean canopy 
temperatures (Isoda and Isodab 2005).  Infestation alone or, more often, in combination with 
genotype, water stress, or both resulted in an increase in CWSI. When interacting with genotype 
in both years, infestation increased CWSI in the susceptible genotype, LS980358, but not in the 
other genotypes.  There was one genotype by infestation by irrigation interaction in 2008 where 
with two of the cultivars, DT974290 and DPL 4546, infestation and stress appeared to be 
additive, but this was not observed with the other genotypes.  Infection with M. phaseolina was 
reported to resulted in increased leaf temperature in moth bean (Vigna aconitifolia) (Neelam et 
al. 1994), but not in common bean (Phaseolus vulgaris L.) (Mayek-Pérez et al. 2002).  Since 
reductions in stomatal conductance due to reduced water movement in the plant probably occur 
before increases in canopy temperature, canopy temperature may not be as sensitive a 
measurement as stomatal conductance of plant water status.  Canopy temperature may also be 
more affected by the environment and the plant than stomatal conductance. 
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 There are no published reports on the effect of infestation by M. phaseolina on soybean 
canopy reflectance.  Even though canopy reflectance was measured six times in 2008 and eight 
times in 2009 and ten previously described vegetative indices were used, the influence of 
infestation was not detected very often at the P <0.05 or P < 0.10 levels.  When the effect of 
infestation did occur, results were not consistent with any of the indices.  The results of the 
normalized pigment chlorophyll index (NPCI) were presented to illustrate the difficulties in 
using reflectance to measure the effect of charcoal rot on the plant.  In a previous study, NPCI 
was negatively correlated with leaf chlorophyll content and NPCI was higher in nitrogen-limited 
leaves in corn (Penuelas et al. 1994).  The effect of genotype and stress alone were fairly 
consistent within and across years with stressed plots having a lower NPCI than non-stressed 
plots.  However, the effect of infestation alone or in interactions with these other treatments was 
inconsistent.  These inconsistencies occurred within a year, between years, or between cultivars 
often leading to results that had no obvious biological explanation.  The failure to find consistent 
results with leaf reflectance may be due to not evaluating the right wavelengths or combinations 
of wavelengths, the relatively low level of disease in the test, or environmental and plant factors.   
This study compared several previously used methods to quantify M. phaseolina 
development in soybean genotypes (root stem severity, plant height stem discoloration and root 
colonization).  Mengistu et al (2007) was able to use the root stem severity and plant height stem 
discoloration of plants harvested at R7 to classify various genotypes at different levels of 
resistance, but this study was not.  In this study, there were no differences between treatments in 
root stem severity and plant height stem discoloration, because the majority of plants lacked 
visible microsclertia.  This may mean that the plant tissue at the time of harvest (R7) may still 
have been too green for microsclerotia development, since microsclerotia development follows 
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 cell death (Wyllie 1988; Smith and Wyllie 1999).  Quantification of microsclerotia in root tissue 
(CFU/g of tissue) is the most common measurement of charcoal rot development in soybeans 
(Mengistu et al. 2007; Smith and Carvil 1997).  With this method, microsclerotia were assayed 
from root tissue harvested at 17 DAP in 2008 and 20 DAP in 2009, though infested plants did 
not differ between genotype at this time.  This supports (Smith and Wyllie 1999) which stated 
that soybean seedlings can be infected within the first 2 to 3 weeks after planting.  The effect of 
irrigation on the microsclerotia densities of infested soybeans occurred 37 DAP in 2009, where 
water-stressed soybeans had higher colonization with M. phaseolina than non-stressed soybeans, 
even though there was only one missed irrigation.  Kendig et al (2000) found that the M. 
phaseolina densities in soybean roots were greater in non-irrigated soybeans compared to full-
season irrigated soybeans.  However, at the end of the season in this study, there were no 
significant differences in microsclerotia densities associated with water stress.  Microsclerotia 
densities at harvest were only affected by genotype.  The susceptible LS980358 had significantly 
higher microsclerotia densities than the moderately resistant Delta Pineland 4546 and the drought 
tolerant R01581F, but did not differ from the moderately resistant DT974290.  The lack of 
significant difference in microsclerotia densities between the most susceptible and one of the 
moderately resistant genotypes in the study was not expected.  Mengistu et al (2007) found that 
LS980358 had a higher mean colony forming unit index (CFU of each genotype divided by the 
genotype with the most CFU) than DT974290.   
Mengistu et al (2007) used a colony forming unit index that converted levels to a range of 
0 to 100, so the actual colonization levels were not reported, but other studies reported 
microsclerotia densities as high as 30,000 to 50,000 CFU/g at the end of the season (Kendig et al. 
2000; Pearson et al. 1984; Smith and Carvil 1997).  The microsclerotia densities in this study 
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 were much lower, averaged 696 CFU/g in 2008 and 2,332 CFU/g of root in 2009, and may have 
been too low to easily differentiate genotypes.  These lower density levels could have been due 
to relatively mild or slightly below average air temperatures.  High temperature maybe as 
important or more important than drought in charcoal rot development since it increases charcoal 
rot severity and reduces competition from other fungi (Smith and Wyllie 1999).   
Even though microsclerotia densities were low, it did affect plant growth as early as 20 to 
31 DAP.  Surprisingly, at these early sampling dates, infestation significantly increased both top 
and root growth, however there were no differences in plant height at the end of the season.  
These results are in contrast with previous research that states that infection with M. phaseolina 
can reduce plant height, root volume, and root weight (Bowers and Russin 1999).  It is not clear 
why infection by M. phaseolina was associated with increases in early growth.  Water-stressed 
plants had reduced plant height, root length, and average single plant root weight as expected.   
One growth factor that was affected by both infestation and irrigation was yield in 2009.  
As expected, water-stressed plots had lower yields.  More interesting was that yields of the 
susceptible LS980358 genotype and the drought tolerant R01581F genotypes were 38 to 49 % 
lower, respectively, in infested plots compared to non-infested plots.  Differences between non-
infested and infested treatments were not observed in the moderately resistant genotypes, Delta 
Pineland 4546 and DT974290.  This effect of infestation occurred across irrigation treatments 
suggesting that yield losses due to M. phaseolina may occur without the presence of drought.  
While there were no significant differences in microsclerotia densities between LS980358 and 
DT974290 in either year, microsclerotia densities had increased in all genotypes in 2009 
compared to 2008.  This may indicate that microsclerotia densities may not be the best indicator 
of resistance.  However, it should be noted that the designation of LS980358 and DT974290 as 
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 susceptible and moderately resistant was based on the quantification of microsclerotia (Mengistu 
2007).  
 Results from this study have provided valuable information about charcoal rot 
development in soybeans.  Using techniques like measuring stomatal conductance, canopy 
temperature and canopy reflectance to detect the influence of charcoal rot disease on soybeans 
will always require the confirmation of the presence of the pathogen, but these techniques do 
indicate that the pathogen is affecting soybean physiology.  Macrophomina phaseolina is able to 
affect the plant all season long.  Plant physiological measurements like stomatal conductance and 
canopy temperature can be affected early in the season, before the onset of symptoms, without 
the influence of drought and at relatively low M. phaseolina populations.  This effect on plant 
physiology suggests a disruption in water flow in the plant which occurs before the development 
of visible microsclerotia indicating that the growth of mycelium maybe involved in water 
disruption.  Differences between soybean genotypes to infestation were observed not just with 
densities of microsclerotia, but with canopy temperature and yield as well.  Though, the 
influence of infestation on stomatal conductance was observed over all four genotypes.  The 
effect of infestation on soybean CWSI and canopy reflectance were not as easy to detect as the 
effect on soybean stomatal conductance.  This could be due to the fact that microsclerotia 
densities were relatively low.  Canopy reflectance and CWSI may be more useful under greater 
disease pressure.  The quantification of microsclerotia has already been shown to differ among 
different soybean genotypes, but the yield reactions of the various genotypes to infestation 
confirming these reactions emphasize the importance of charcoal rot.  Susceptible genotypes had 
a significant reduction in yield, while moderately resistant genotypes did not.  The yield 
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reduction of various soybean genotypes did not appear to be consistently related to 
microsclerotia densities, at least at these low levels.   
 More work is needed on understanding the effect of infestation and colonization on plant 
growth throughout the season.  Also more work is needed to understand resistance to charcoal rot 
disease and how resistance should be measured in soybeans.  In addition research is needed 
understand the effect of the environment and charcoal rot disease development.  
  
 Tables and Figures 
Table 1. Vegetation indices used with spectral reflectance data collected from plants in microplots.   
Index E onquati  Reference 
Derived Leaf Chlorophyll a & b Concentration Index (D-chl-ab) 
ܴ଻଺଴ െ ܴ଻ସ଴ 2⁄
ܴହ଺଴
 (Gitelson and Merzlyak 1996) 
Difference Vegetation Index (DVI) ଼ܴଵ଴ െ ܴ଺ଽ଴ (Jordan 1966) 
Normalized Difference Vegetation Index (NDVI) 
଼ܴଵ଴ െ ܴ଺ଽ଴
଼ܴଵ଴ ൅ ܴ଺ଽ଴
 (Rouse et al. 1974) 
Normalized Pigment Chlorophyll Index (NPCI) 
ܴ଺଼଴ െ ܴସଷ଴
ܴ଺଼଴ ൅ ܴସଷ଴
 (Penuelas et al. 1994; Vigier et al. 2004) 
Photochemical Reflectance Index (PRI) 
ܴହଷଵ െ ܴହ଻଴
ܴହଷଵ ൅ ܴହ଻଴
 (Penuelas et al. 1995b) 
Red Edge Inflection Point (REIP) 
700 ൅ 40 ൈ ሺܦܸܫ 2⁄ ሻ െ ܴ଻ସ଴
ܴ଻଺଴ െ ܴ଻ସ଴
 (Guyot  et al. 1988) 
Soil Adjusted Vegetation Index (SAVI) 
଼ܴଵ଴ െ ܴ଺ଽ଴ ൈ ሺ1 ൅ ܮሻ
଼ܴଵ଴ ൅ ܴ଺ଽ଴ ൅ ܮ
 (Huete 1988) 
Structural Independent Pigment Index(SIPI) 
଼ܴ଴଴ െ ܴସସହ
ܴ଺଴଴ ൅ ܴ଺଼଴
 (Penuelas  et al. 1995a) 
Water Band Index (WBI) 
ܴଽ଻଴
ܴଽ଴଴
 (Penuelas et al. 1993) 
Water Index  (WI) 
ܴଽ଴଴
ܴଽ଻଴
 (Penuelas et al. 1997) 
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 Table 2. Environmental data for dates when stomatal conductance, canopy temperature, and canopy reflectance were measured in 
2008. 
DAPa GSb Air Temp. (˚C)c Soil Temp. (˚C) d SWMP (Joules/kg)e Last water eventf 
Stomatal  
Conductance Stressed 
Non-
stressed Stressed 
Non-
stressed Stressed 
Non-
stressed 
8/6 47 R1 27.7-32.1 (avg. 30.0) 32.7 29.0 <-59 -21 7/23 (14) 8/4 (2) 
8/29 70 R4 23.7-31.1 (avg. 28.2) 27.2 25.6 -73.4 -38.4 8/23 (6) 8/26(3) 
9/5 77 R4/5 19.9-24.4 (avg. 22.5) 21.9 21.6 -8.4 -5.8 9/3 (2) 9/3(2) 
9/26 98 R6/R7 22.9-26.8 (avg. 25.3) 21.2 20.7 -89.4 -24.0 9/14 (12) 9/23 (3) 
Canopy 
Temperature 
8/6 47 R1 27.7-32.1 (avg. 30.0) 32.7 29.0 <-59 -21 7/23(14) 8/4  (2) 
8/22 63 R3/R4 25.9-30.8 (avg. 28.5) 26.8 24.5 -69.2 -30.0 8/11 (12) 8/18 (4) 
8/29 70 R4 74.7-88.0 (avg. 82.8) 27.2 25.6 -73.4 -38.4 8/23 (6) 8/26 (3) 
9/5 77 R4/5 67.8-76.0 (avg. 72.4) 21.9 21.6 -8.4 -5.8 9/3 (2) 9/3 (2) 
9/23 95 R6/R7 24.4-27.3 (avg. 25.3) 22.0 21.0 -48.4 -30.0 9/14 (9) 9/18 (5) 
9/26 98 R6/R7 22.9-26.8 (avg. 25.3) 21.2 20.7 -89.4 -24.0 9/14 (12) 9/23 (3) 
Canopy 
Reflectance 
7/7 17 V1/V2 27.2-30.7 (avg. 29.2) 28.4 27.9 -10.6 -15.6 7/5 (2) 7/5/ (2) 
7/21 31 V3/V4 29.5-33.1 (avg. 31.6) 31.5 30.3 -38.4 -13.2 7/15  (6) 7/19 (2) 
7/28 38 R1 29.7-35.5 (avg. 32.7) 34.4 29.2 -19.4 -14.4 7/23 (5) 7/26 (2) 
8/4 45 R1 31.6-36.8 (avg. 34.4) 34.8 30.3 -50.4 -20.2 7/23 (12) 8/2    (2) 
8/14 55 R1/R2 missing data 26.0 24.7 -21.6 -25.2 8/10  (4) 8/10 (4) 
8/18 59 R2/R3/R4 missing data 24.7 24.0 -35.2 -41.2 8/10  (8) 8/10 (8) 
8/26 67 R4 24.1-28.6 (avg. 26.6) 24.8 24.0 -26.0 -24.6 8/23 (3) 8/23 (3) 
9/16 88 R5 17.1-21.8 (avg. 19.4) 18.0 18.9 -16.6 -15.6 9/14  (2) 9/14 (2) 
9/25 97 R6/R7 22.6-27.3 (avg. 25.9) 21.9 21.2 -74.0 -18.4 9/14  (11) 9/23 (2) 
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a Days after planting  b Growth stage  c Max, min, and average air temp. between 10:30-2:30 pm d Average soil temperature between 10:30-2:30 pm                 
eAverage soil water matric potential between 10:30-2:30 pm in Joules/Kg   fDate water was received last either by rainfall or irrigation (days)  
 
 
 Table 3. Environmental data for dates when stomatal conductance, canopy temperature, and canopy reflectance were measured in 
2009. 
DAPa GSb Air Temp. (˚C)c Soil Temp. (˚C)d SWMP (Joules/kg)e Last water event f 
Stomatal 
Conductance 
Stressed 
Non-
stressed Stressed Non-stressed Stressed 
Non-
stressed 
7/24 52 R1/R2 27.3-31.4 (avg. 29.6) 26.4 25.5 -21.7 -18.1 7/21 (3) 7/21 (3) 
8/4 63 R2/R3/R4 30.1-33.8 (avg. 32.8) 28.8 26.8 -53.7 -23.8 7/21 (14) 8/1 (3) 
8/11 69 R3/R4 22.4-27.3 (avg. 25.1) 29.5 27.9 -49.9 -32.2 7/21(21) 8/10 (1) 
8/13 72 R3/R4 27.3-30.1 (avg. 28.6) 25.7 25.2 -39.1 -13.4 7/21(23) 8/10 (3) 
8/25 84 R4/R5 25.6-32.1 (avg. 29.1) 25.3 24.3 -49.0 -5.5 7/21(35) 8/24 (1) 
Canopy 
Temperature 
7/24 52 R1/R2 27.3-31.4 (avg. 29.6) 26.4 25.5 -21.7 -18.1 7/21(3) 7/21 (3) 
8/4 63 R2/R3/R4 30.1-33.8 (avg. 32.8) 28.8 26.8 -53.7 -23.8 7/21(14) 8/1 (3) 
8/11 69 R3/R4 22.4-27.3 (avg. 25.1) 29.5 27.9 -49.9 -32.2 7/21 (21) 8/10 (1) 
8/13 72 R3/R4 27.3-30.1 (avg. 28.6) 25.7 25.2 -39.1 -13.4 7/21 (23) 8/10(3) 
8/25 84 R4/R5 25.6-32.1 (avg. 29.1) 25.3 24.3 -49.0 -5.5 7/21 (35) 8/24 (1) 
Canopy 
Reflectance 
6/22 20 V2/V3 30.8-34.2 (avg. 32.7) 28.4 28.8 -24.0 -29.0 6/19 (3) 6/19 (3) 
7/9 37 V5/V6 27.2-32.5 (avg. 30.1) 26.1 25.9 -20.6 -24.4 7/6 (3) 7/6(3) 
7/17 45 R0/R1/R2 23.1-26.6 (avg. 25.0) 27.7 25.9 -44.3 -1.2 7/6 (11) 7/16 (1) 
7/23 51 R0/R1/R2 26.6-29.4 (avg. 28.4) 25.6 24.9 -13.0 -10.2 7/21 (2) 7/21 (2) 
7/31 59 R2/R3 22.8-26.3 (avg. 24.9) 24.9 23.8 -28.2 -1.6 7/21 (10) 7/30 (1) 
8/3 62 R2/R3/R4 28.9-32.9 (avg. 31.2) 27.7 26.2 -37.9 -13.9 7/21(13) 8/1(2) 
8/21 80 R4/R5 23.3-26.8 (avg. 25.5) 24.1 23.4 -27.4 -2.9 7/21(30) 8/20 (1) 
8/26 85 R4/R5 24.9-29.6 (avg. 27.8) 25.0 24.2 -53.5 -13.4 7/21(36) 8/24 (2) 
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aDays after planting (dap)  bGrowth stage  c Max, min, and average air temp. between 10:30-2:30 pm   dAverage soil temperature  between 10:30-2:30 pm                                                                
eAverage soil water matric potential between 10:30-2:30 pm in Joules/kg  fDate water was received last either by rainfall or irrigation (days)  
 
 
 Figure 1. Daily maximum and minimum air temperature (°C) from June 20th to October 14th in 2008.       
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Figure 2. Running 7 day average daily air temperature for 2008 from June 20th to October 14th, and 2009 from June 2nd to October 2nd, 
and the 30 year average from 1971-2000 (Climatography of the United States NO. 84, 1971-2000). 
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Figure 3. Daily maximum and minimum soil temperature (°C) for non-stressed and stressed plots from June 20th to October 14th in 
2008. 
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Figure 4. Daily rainfall (mm) and daily soil water matric potential (Joules/Kg) for stressed and non-stressed plots from June 20th to 
October 14th in 2008.  Both stressed and non-stressed plots were irrigated on each day marked by a white diamond until 27 days after 
planting (7/17/08) where irrigation was withheld from stressed plots until harvest.  Stressed plots only received rainfall during this 
time period.  Plants were harvested on 9/30/08, 10/3/08 and 10/14/08.  
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Figure 5. Daily maximum and minimum air temperature from June 2nd to October 2nd in 2009.    
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Figure 6. Daily maximum and minimum soil temperature (°C) for non-stressed and stressed plots from June 2nd to October 2nd in 
2009. 
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Figure 7. Daily soil water matric potential (Joules/Kg) and rainfall (mm) from June 2th to October 2th in 2009.  Both stressed and 
non-stressed plots were irrigated on each day marked by a white diamond  until 27 days after planting (6/29/09) where irrigation was 
withheld from stressed plots (receiving only rainfall) until 7/27/09 when rain shelters were constructed to limit rainfall to stressed 
plots.  This rain shelter period lasted until 8/27/09 when plants had reached R6.  Plants were harvested on 9/14/09, 9/18/09, 9/21/09 
and 10/3/09.     
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 Table 4. P values for stomatal conductance in 2008. 
Days after planting 
 Source DF 47 70 77 98 
Rep 2    0.1061 0.0170 0.0877   0.0217
Genotype 3    0.2837 0.1039 0.6947 <0.0001
Infestation 1    0.0002 0.3436 0.3035   0.0124
Irrigation 1  <0.0001 0.7305 0.5701   0.9886
Genotype x infestation 3    0.6141 0.3007 0.1702   0.4943
Genotype x irrigation 3    0.2619 0.6165 0.4560   0.5583
Infestation x irrigation 1    0.0005 0.5425 0.4292   0.2209
Genotype x infestation x irrigation  3     0.7956 0.8523 0.2002   0.7751
*taken from 3 replicates.   
 
Table 5. Least square means for the average stomatal conductance for the main effect                                                                                           
of genotype at 98 days after planting (DAP) in 2008 and 52 and 63 DAP in 2009. 
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    Stomatal conductance 
2008 2009 
Genotype DAP 98 DAP 52 DAP 63 
DT974290 160.2 c 354.5 b 251.7 bc
Delta Pineland 4546 174.0 bc 548.8 a 339.6 a 
LS980358 207.7 b 412.8 b 312.1 ab
R01581F 271.2 a 386.9 b 235.9 c 
a Means within a column with the same letter were not significantly different, Fisher’s                                                                                   
protected least significant difference (P < 0.05).                                                                                                                                                   
*taken from 3 replicates.   
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Figure 8. Average stomatal conductance for the interaction of infestation with irrigation at 47 days after planting (DAP) in 2008 (taken 
from 3 out of 5 replications).  Means with the same letter are not Fisher’s protected least significant difference (P < 0.05).   
  
 
 
 Table 6. P values at for stomatal conductance in 2009.  
  Days after planting  
Source DF 52 63 69 72 84 
Rep 2 0.0571    0.3224 0.9868  0.5016    0.9720 
Genotype 3 0.0073   0.0527 0.2812  0.7502    0.3717 
Infestation 1 0.0296    0.1947 0.0042  0.0038    0.1160 
Irrigation 1 0.0070 <0.0001 0.0220  0.8007  <0.0001
Genotype x infestation 3 0.3606    0.5020 0.1209  0.3475    0.5150 
Genotype x irrigation 3 0.2721    0.5781 0.6560  0.5540    0.6678 
Infestation x irrigation 1 0.6385    0.6565 0.4076  0.2453    0.6715 
Genotype x infestation x irrigation  3  0.7050    0.7093 0.7858  0.6193    0.4737 
*taken from 3 replicates 
 
56 Table 7. Least square means for the average stomatal conductance for the main effect                                                                                           
of infestation and irrigation at 52, 63, 69, 72, and 84 days after planting (DAP) in 2009. 
Days after planting  
52 63 69 72 84 
Infestation 
   Infested 381.4 b 265.6 a 356.6 b 373.6 b 415.1 a
   Non-infested 470.1 a 304.0 a 642.3 a 632.0 a 573.1 a
Irrigation 
  Stressed 369.6 b 175.5 b 388.1 b 492.3 a 269.6 b
  Non-stressed 481.9 a 394.2 a 610.9 a 513.3 a 718.6 a
a Means within a column with the same letter were not significantly different,                                                                                             
Fisher’s protected least significant difference (P < 0.05).   
 
 
 Table 8. P values for crop water stress index (CWSI) in 2008.    
Source 
Days after planting 
DF 47 63 70 77a 95 98 
Rep 4 <0.0001 0.2975 0.0007 0.0186 0.0011 0.0011
Genotype 3   0.0179 0.9953 0.0202 0.6494 0.1524 0.0129
Infestation 1   0.7209 0.6759 0.4637 0.2780 0.9666 0.0870
Irrigation 1   0.0078 0.0779 0.2893 0.0419 0.4082 0.3858
Genotype x infestation 3   0.6211 0.9615 0.1574 0.0986 0.2023 0.6470
Genotype x irrigation 3   0.4814 0.4239 0.7561 0.3527 0.8764 0.2738
Infestation x irrigation 1   0.3435 0.2899 0.0798 0.8620 0.5541 0.0981
Genotype x infestation x irrigation  3    0.7366 0.7434 0.0541 0.4227 0.2412 0.8920
aonly 3 replications were used on 77 DAP                 
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Table 9. Average crop water stress index for the main effect genotype at                                                                                                   
47 days after planting (DAP) and 98 DAP in 2008 and 84 DAP in 2009.                                                                                                                            
    Crop Water Stress Index  
2008 2009 
Genotype DAP 47 DAP 98 DAP 84
DT974290 0.50 a 0.36 a 0.72 a 
Delta Pineland 4546 0.37 b 0.36 a 0.56 b 
LS980358   0.46 ab 0.46 a 0.59 b 
R01581F 0.35 b 0.26 b 0.55 b 
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05). 
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Figure 9. Crop water stress index (CWSI) for an interaction of genotype with infestation at 70 days after planting in 2008. Means with 
the same letter were not significantly different, Fisher’s protected least significantly difference (P < 0.10). 
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Figure 10. Crop water stress index an interaction of genotype with infestation at 77 dap in 2008.  Means with the same letter are not 
significant different, Fisher’s protected least significant difference (P < 0.10).  
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Figure 11. Crop water stress index for an interaction of infestation with irrigation at 98 days after planting in 2008.  Means with the 
same letter are not significantly different, Fisher’s protected least significant difference (P < 0.10).   
  
 
 
 Table 10. P values for crop water stress index in 2009.   
Days after planting 
Source DF 52 63 69 72 84 
Rep 4 0.0149 0.0013    0.8889  0.0002 0.0029
Genotype 3 0.4695 0.4557    0.0296  0.1513 0.0137
Infestation 1 0.8441 0.8863    0.0762  0.0051 0.9196
Irrigation 1 0.1916 0.0010  <0.0001  0.0601 0.0002
Genotype x infestation 3 0.5928 0.2418    0.0729  0.3847 0.4304
Genotype x irrigation 3 0.4531 0.9747    0.7117  0.6804 0.8595
Infestation x irrigation 1 0.5871 0.3042    0.9432  0.5125 0.7745
Genotype x infestation x irrigation  3  0.9653  0.6393     0.2535    0.2730  0.6095
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Figure 12. Crop water stress index for an interaction of genotype with infestation at 69 dap in 2009.  Means with the same letter are 
not significantly different, Fisher’s protected least significant difference (P < 0.10).  Least square difference between treatments is 
0.15.  
  
 
 
 Table 11. P values for normalized pigment chlorophyll index (NPCI) vegetative index at in 2008.   
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.0070 0.1216  <0.0001 0.8799    0.0307 <0.0001
Genotype 3 0.4421 0.3203  0.3735 0.2136  <0.0001 <0.0001
Infestation 1 0.1577 0.2811  0.9762 0.5720    0.0303   0.2168 
Irrigation 1 0.4782 0.0219  0.2612 0.4229    0.5680   0.9233 
Genotype x infestation 3 0.2931 0.0713  0.8936 0.3436    0.8110   0.2142 
Genotype x irrigation 3 0.3412 0.3084  0.3848 0.3139    0.1465   0.2010 
Infestation x irrigation 1 0.0368 0.4899  0.5897 0.2929    0.9219   0.2534 
Genotype x infestation x irrigation  3  0.3997  0.2221   0.0840   0.8230     0.8484    0.0261 
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Table 12. Least square means for the main effect of genotype for the normalized pigment chlorophyll index (NPCI) vegetative index 
at 88 days after planting (DAP) in 2008 and 20, 37, 45, 51, 59, 62, 80, and 85 DAP in 2009. 
2008 2009 
Genotype DAP 88a DAP 20b DAP 37a DAP 45a DAP 51a DAP 59a DAP 62a DAP 80a DAP 85a 
DT974290 0.28 a 0.20 ab 0.28 a 0.28 a 0.35 ab 0.30 a 0.36 a 0.40 a 0.43 a 
Delta Pineland 4546 0.27 a 0.17 bc 0.26 a 0.27 a 0.34 b 0.30 a 0.36 a 0.37 ab 0.40 a 
LS980358 0.29 a 0.21 a 0.27 a 0.29 a 0.38 a 0.30 a 0.37 a 0.38 ab 0.43 a 
R01581F 0.17 b 0.15 c 0.21 b 0.19 b 0.28 c 0.21 b 0.28 b 0.25 b 0.29 b 
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).                         
bMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.10). 
  
 
 
 Table 13. Least square means for the main effect of irrigation for the                                                                                          
normalized pigment chlorophyll index (NPCI) vegetative index at 45 days after planting (DAP)                                                                                        
in 2008 and 45, 51, 85 DAP in 2009. 
  2008    2009  
Irrigation  DAP 45  DAP 45 DAP 51 DAP 85
Stressed  0.29 b  0.28 a 0.35 a 0.41 a 
Non-stressed  0.33 a  0.24 b 0.32 b 0.36 b 
aMeans within a column with the same letter were not significantly different, protected least significant difference (P < 0.05).                                       
 
Table 14. Least square means for a genotype by infestation interaction                                                                                                   
for the normalized pigment chlorophyll index (NPCI) vegetative index at                                                                                                        
45 days after planting (DAP) in 2008 and 59 DAP in 2009. 
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2008 2009 
Genotype Infestation DAP 45b DAP 59a
DT974290 Infested 0.26 b 0.30 ab 
Non-infested 0.31 a 0.31 ab 
Delta Pineland 4546 Infested 0.28 ab 0.25 bc 
Non-infested 0.26 b 0.34 a 
LS980358 Infested 0.26 b 0.34 a 
Non-infested 0.31 a 0.26 bc 
R01581F Infested 0.19 c 0.20 c 
Non-infested 0.18 c 0.22 c 
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).                         
bMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.10). 
  
 
 
 Table 15. Least square means for an infestation by irrigation interaction for the normalized pigment chlorophyll index (NPCI)                                       
vegetative index at 38 days after planting in 2008. 
NPCI 
Infestation Irrigation Dap 38
Infested Non-stressed 0.29 a 
Infested Stressed 0.25 b 
Non-infested Non-stressed 0.28 ab
Non-infested Stressed 0.30 a 
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).   
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 Table 16. Least square means for a genotype by infestation by irrigation interaction for the normalized pigment chlorophyll index 
(NPCI) vegetative index at 55 and 97 days after planting (DAP) in 2008. 
NPCI 
Genotype Infestation Irrigation DAP 55b Dap 97a 
DT974290 Infested Stressed 0.18 d 0.34 f 
Non-stressed 0.34 a 0.34 f 
Non-infested Stressed 0.27 abcd 0.46 abcd 
Non-stressed 0.28 abcd 0.35 ef 
Delta Pineland 4546 Infested Stressed 0.26 abcd 0.44 bcde 
Non-stressed 0.24 abcd 0.46 abcd 
Non-infested Stressed 0.25 abcd 0.42 bcdef 
Non-stressed 0.27 abcd 0.44 bcde 
LS980358 Infested Stressed 0.31 abc 0.38 cdef 
Non-stressed 0.21 cd 0.37 def 
Non-infested Stressed 0.22 bcd 0.37 def 
Non-stressed 0.30 abc 0.48 ab 
R01581F Infested Stressed 0.32 abc 0.47 abc 
Non-stressed 0.33 ab 0.54 a 
Non-infested Stressed 0.27 abcd 0.54 a 
Non-stressed 0.31 abc 0.45 abcd 
66
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).                         
bMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.10).   
  
 
 
 Table 17. P values for normalized pigment chlorophyll index (NPCI) vegetative index in 2009.   
Days after planting (DAP) 
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.1968 0.0001   0.0296    0.0012 0.0073 0.0132   0.0042    0.0173 
Genotype 3 0.0566 0.0252 <0.0001 <0.0001 0.0059 0.0005 <0.0001  <0.0001
Infestation 1 0.0136 0.2895   0.3645   0.2786 0.7253 0.1378   0.5105    0.3324 
Irrigation 1 NA 0.3076   0.0157   0.0098 0.2245 0.1299   0.0016    0.0020 
Genotype x infestation 3 0.9508 0.4464   0.3055   0.2516 0.0340 0.1042   0.7104    0.9319 
Genotype x irrigation 3 NA 0.3616   0.2323   0.7609 0.0913 0.4668   0.0364    0.5374 
Infestation x irrigation 1 NA 0.6504   0.4722   0.1401 0.4617 0.4382   0.8369    0.4332 
Genotype x inf. x irr.a   3   NA  0.3921    0.8143    0.7511   0.8966  0.3641    0.8152     0.2079 
a inf. = infestation    irr.= irrigation  NA= not applicable 
  
67
 
 
 Table 18. Least square means for a genotype by irrigation interaction for the                                                                              
normalized pigment chlorophyll index (NPCI) vegetative index at 59 and 80 days after planting (DAP)                                                                            
in 2009. 
NPCI 
Genotype Irrigation DAP 59b DAP 80a
DT974290 Stressed 0.31 ab 0.45 a 
Non-stressed 0.30 b 0.42 ab 
Delta Pineland 4546 Stressed 0.34 a 0.41 ab 
Non-stressed 0.25 bc 0.38 b 
LS980358 Stressed 0.26 bc 0.45 a 
Non-stressed 0.34 a 0.40 b 
R01581F Stressed 0.22 c 0.32 c 
Non-stressed 0.20 c 0.25 d 
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).                                               
bMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.10).   
68
  
 
 
 Table 19. P values for average growth stage of plants sampled at 17 and 31 days after planting (DAP) in 2008                                           
and 20 and 37 DAP in 2009.   
2008 2009 
Days after planting Days after planting 
Source DF 17 31 20 37 
Rep 4    0.0120   0.0120 <0.0001  <0.0001
Genotype 3 <0.0001 <0.0001   0.0023    0.0002
Infestation 1   0.7583   0.0155 <0.0001    0.0184
Irrigation 1 NAa   0.5209 NA    0.2180
Genotype x infestation 3  0.6110   0.0817  0.6095    0.2110
Genotype x irrigation 3 NA   0.0607 NA    0.5960
Infestation x irrigation 1 NA   0.9268 NA    0.7443
Genotype x infestation x irrigation.  3  NA    0.0050  NA     0.4895
aNA= not applicable 
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Table 20. Effect of genotype on plant growth stage in 2009. 
    Plant growth stage 
2008 2009 
Days after planting 
Genotype 17 20 37 
DT974290 1.7 b 2.8 a 6.1 a
Delta Pineland 4546 1.9 a 2.5 b 5.5 b
LS980358 2.0 a 2.5 b 5.5 b
R01581F 1.4 c 2.7 a 5.7 b
*Means with the same letter are not significantly different, Fisher’s protected least significant difference (P < 0.05). 
  
 
 
 Table 21. Least square means for a genotype by infestation interaction on plant growth stage                                                                     
of plants sampled at 31 days after planting in 2008. 
        Plant growth stage  
Genotype Infestation Irrigated DAP 31 
DT974290 Infested Stressed         4.1 abc 
Infested Non-stressed         3.8 cd 
Non-infested Stressed         3.8 cd 
Non-infested Non-stressed         3.3 e 
Delta Pineland 4546 Infested Stressed         4.0 bc 
Infested Non-stressed         4.4 a 
Non-infested Stressed         4.1 abc 
Non-infested Non-stressed         3.9 bc 
LS980358 Infested Stressed         4.1 abc 
Infested Non-stressed         4.2 ab 
Non-infested Stressed         3.9 bc 
Non-infested Non-stressed         4.0 bc 
R01581F Infested Stressed         3.8 cd 
Infested Non-stressed         3.3 e 
Non-infested Stressed         3.5 de 
Non-infested Non-stressed         3.8 cd 
70
aMeans the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).  . 
  
 
 
 Table 22. P values for plant height (cm) at 17 and 31 days after planting (DAP) and at Harvest (R7) in 2008 and 20, and 37 DAP and 
at Harvest (R7) in 2009.  
   2008 2009 
Days after planting  Days after planting  
Source DF  17 31 Harvest 20 37 Harvest 
Rep 4 0.3791 0.8126 0.0534 <0.0001 <0.0001 0.0012a 
Cultivar 3 0.0002   <0.0001  <0.0001 <0.0001 0.0106 0.0052 
Infestation 1 0.3311 0.0172 0.1626 0.0948 0.0235 0.9233 
Irrigation 1 NAb 0.6408 0.3217 NA 0.1025 <0.0001
Cultivar x infestation 3 0.7289 0.9989 0.3452 0.5090 0.4630 0.4916 
Cultivar x irrigation 3 NA 0.0293 0.6371 NA 0.4874 0.0872 
Infestation x irrigation 1 NA 0.6334 0.9051 NA 0.5547 0.4980 
Cultivar x infestation x irrigation  3   NA  0.7941  0.1651 NA  0.1516  0.6203 71 aTaken from 4 replicates                                                                                                                                                                                                        
bNA= not applicable    
  
 
 
 Table 23. Least square means for plant height (cm) for cultivar main effects at 17 and 31 days after planting (DAP) and at                                             
harvest (R7) in 2008 and 20 and 37 DAP and at harvest (R7) in 2009. 
    2008 2009 
Days after planting  Days after planting  
Cultivar 17 31 Harvest (R7) 20 37 Harvest (R7)
 DT974290   9.26 b 15.06 b 47.83 a 14.32 b 25.53 a 42.18 a 
 Delta Pineland 4546   9.01 b 14.01 b 42.94 b 12.10 c 22.86 b 35.00 b 
 LS980358 11.27 a 16.71 a 28.19 c 15.26 a 25.58 a 36.53 b 
 R01581F   8.87 b 13.13 c 27.98 c 14.08 b 24.28 a 36.41 b 
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).   
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Figure 13. Least square means for average plant height (cm) for four genotype by two irrigation treatments (stressed and non-stressed) 
averaged over two infestation treatments at 31 days after planting in 2008.  Means with the same letter are not significantly different, 
Fisher’s protected least significant difference (P < 0.05).  Least square difference between treatments is 2.09. 
  
 
 
 Table 24. P values for average single plant dry top weight (g) for plants sampled at 17 and 31 days after planting (DAP) in 2008 and 
20, and 37 DAP in 2009. 
2008 2009 
Days after planting Days after planting 
Source DF 17 31 20 37 
Rep 4 <0.0001 0.0012 0.1160 <0.0001
Genotype 3 <0.0001 <0.0001 <0.0001 0.0006 
Infestation 1 0.3084 0.0128 0.0159 0.0023 
Irrigation 1 NAa 0.5548 NA 0.2309 
Genotype x infestation 3 0.8160 0.5757 0.7164 0.9799 
Genotype x irrigation 3 NA 0.0696 NA 0.1965 
Infestation x irrigation 1 NA 0.7368 NA 0.7267 
Genotype x infestation x irrigation  3   NA  0.5818   NA   0.8332 
aNA= not applicable    74
  
 
 
 Table 25. Least square means for average single plant dry top weight (g) for genotype effects and                                                                           
infestation effects at 17 and 31 days after planting (DAP) in 2008 and 20 and 37 DAP in 2009. 
    Average single top weight  
2008 2009 
Days after planting (DAP) Days after planting (DAP) 
Genotype 17 31 20 37 
DT974290 0.14 c 0.45 c 0.29 c 1.6 c 
Delta Pineland 4546 0.22 b 0.62 b 0.25 d 1.2 d 
LS980358 0.26 a 0.79 a 0.34 a 1.5 a 
R01581F 0.16 c 0.42 c 0.31 b 1.4 b 
Infestation 
Infested 0.20 a 0.61 a 0.31 a 1.5 a 
Non-infested 0.19 a 0.53 b 0.29 b 1.3 b 
aMeans within a column of the same main effect with the same letter were not significantly different,                                                                              
Fisher’s protected least significant difference (P < 0.05).   
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 Table 26. P values for average tap root length of plants sampled at 17 and 31 days after planting (DAP)                                                            
in 2008 and 20 and 37 DAP in 2009.   
2008 2009 
Days after planting 
Source DF 17 31 20 37 
Rep 4 0.0016 0.2996 <0.0001 0.1809
Genotype 3 0.0170 0.0006   0.0302 0.7083
Infestation 1 0.1747 0.8417 <0.0001 0.9337
Irrigation 1 NA 0.0002 NA 0.0062
Genotype x infestation 3 0.8896 0.7057   0.3219 0.2163
Genotype x irrigation 3 NA 0.1654 NA 0.8842
Infestation x irrigation 1 NA 0.1034 NA 0.9185
Genotype x infestation x irrigation.  3   NA  0.6794  NA   0.3059
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Table 27. Average root length (mm) for genotype effect at 17 and 31 days after planting (DAP) in 2008 and 20 and 37 DAP in 2009. 
    Root Length (mm) 
2008 2009 
Days after planting 
Genotype 17 31 20 
DT974290 64.2 b 135.8 b 81.3 a 
Delta Pineland 4546 82.6 a 185.1 a 80.1 a 
LS980358 75.9 ab 161.6 ab 73.3 ab
R01581F 67.5 b 145.3 b 69.4 b 
aMeans within a column with the same letter were not significantly different, Fisher’s protected least significant difference (P < 0.05).   
  
 
 
 Table 28. P values for average single plant root weight for plants sampled at 17 and 31 days after planting (DAP)                                        
in 2008 and 20 and 37 DAP in 2009.   
2008 2009 
Days after planting Days after planting 
Source DF 17 31 20 37 
Rep 4    0.0004    0.0005  <0.0001 <0.0001
Genotype 3 <0.0001  <0.0001    0.2358   0.0122 
Infestation 1    0.1039    0.7945    0.0008   0.8353 
Irrigation 1 NA    0.0414 NA   0.0006 
Genotype x infestation 3    0.3716    0.8516    0.1719   0.8803 
Genotype x irrigation 3 NA    0.3154 NA   0.3233 
Infestation x irrigation 1 NA    0.8134 NA   0.9447 
Genotype x infestation x irrigation  3  NA     0.8805  NA    0.5914 
*NA= not applicable 77
 
Table 29. Average single root weight (g) for genotype main effect at 17 and 31                                                                                           
days after planting (DAP) in 2008 and 20 and 37 DAP in 2009. 
    Average single root weight  
2008 2009 
Days after planting  Days after planting  
Genotype 17 31 20 37 
DT974290 0.03 b 0.10 b 0.068 a 0.25 a 
Delta Pineland 4546 0.05 a 0.17 a 0.062 a 0.21 b 
LS980358 0.05 a 0.17 a 0.064 a 0.23 ab 
R01581F 0.03 b 0.09 b 0.063 a 0.22 b 
*Means with the same letter in the same column are not significantly different, Fisher’s protected least significant difference (P < 
0.05).   
 
 
 Table 30.  P values for root colonization (log10 cfu/g) for infested plants sampled at 17 DAP, 31 DAP,                                                    
and at harvest (R7) in 2008 and 20 DAP, 37 DAP and at harvest (R7) in 2009.   
    2008 2009 
    Days after planting (DAP) Days after planting (DAP) 
Source  DF  17 31 Harvest 20 37 Harvest
Rep  4  0.4911 0.3890 <0.0001 0.7921 0.0982 0.0096 
Genotype  3  0.1314 0.3264   0.0021 0.2801 0.6722 0.0383 
Irrigation  1   0.3092  0.2134 0.0035 0.1441 
Genotype x irrigation  3   0.3599  0.5407 0.8831 0.7211 
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Figure 14. Densities of Macrophomina phaseolina microsclerotia (log10 cfu/g) for the genotype main effect on infested plants at 
harvest (R7) in 2008 (A) and 2009 (B).  Bars within a year having the same letter are not significant different, Fisher’s protected least 
significant difference (P < 0.05).
 
 
 Table 31. P values for average total seed weight (g) in 2008 and 2009. 
Source 
   Average total seed weight (g) 
   2008 2009 
   DF P value DF P value 
Rep    4   0.0957   3*   0.0104
Genotype    3   0.0507 3   0.2655
Infestation    1   0.5733 1   0.1024
Irrigation    1   0.3055 1 <0.0001
Genotype x Infestation    3   0.7581 3   0.0365
Genotype x Irrigation    3   0.8514 3   0.4628
Infestation x Irrigation    1   0.8101 1   0.5207
Genotype x Infestation x Irrigation 3   0.5515 3   0.4077
*Rep 5 was removed from analysis because of animal damage 
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Figure 15. Least square means for average total soybean seed weight (grams) per plot of four genotypes in 2008.  Means with the 
same letter are not significantly different, Fisher’s protected least significant difference (P < 0.10).  Least square difference between 
treatments is 7.9 
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Figure 16. Average total soybean seed weight (grams) per plot for four genotypes by two infestation treatments (infested and non-
infested with Macrophomina phaseolina) averaged over two irrigation treatments in 2009.  Means with the same letter are not 
significantly different, Fisher’s protected least significant difference (P < 0.05).   
 
 
 Appendix 1. P values for vegetative indices Dchl-ab and DVI at 38, 45, 55, 67, 88, 97 days after planting in 2008.   
   Derived leaf chlorophyll a & b concentration index (D-chl-ab)  
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 <0.0001 0.2852 <0.0001 0.0347    0.0510 <0.0001 
Genotype 3   0.8035 0.4769   0.2127 0.0181 <0.0001 <0.0001 
Infestation 1   0.6229 0.0078   0.7134 0.2834    0.3668    0.3645
Irrigation 1   0.9614 0.6953   0.0554 0.3637    0.1597    0.1535
Genotype x infestation 3   0.7312 0.3456   0.8905 0.4693    0.3755    0.7946
Genotype x irrigation 3   0.9455 0.8397   0.6859 0.0783    0.4824    0.8542
Infestation x irrigation 1   0.2491 0.3907   0.8333 0.6647    0.7759    0.0369
Genotype x infestation x irrigation 3   0.3414 0.9643   0.0425 0.9683    0.7805    0.2464
Difference Vegetative Index (DVI) 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.4141 0.9943  <0.0001 0.7060 0.0324 <0.0001 
Genotype 3 0.3349 0.5671    0.0344 0.5284 0.0011 <0.0001 
Infestation 1 0.2279 0.3374    0.8087 0.6506 0.6049   0.2168 
Irrigation 1 0.9664 0.3539    0.0233 0.2362 0.6812   0.9233 
Genotype x infestation 3 0.2102 0.0059    0.7637 0.6300 0.7137   0.2142 
Genotype x irrigation 3 0.9371 0.4364    0.8659 0.0112 0.5937   0.2010 
Infestation x irrigation 1 0.7682 0.3617    0.2825 0.7058 0.4203   0.2534 
Genotype x infestation x irrigation  3  0.7896  0.2248     0.3706   0.9369  0.1219    0.0261 
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 Appendix 2. P values for vegetative indices NDVI and NPCI at 38, 45, 55, 67, 88, 97 days after planting in 2008.   
   Normalized Difference Vegetative Index (NDVI) 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.0002 0.0720 <0.0001 0.2329   0.4364   0.0017 
Genotype 3 0.0636 0.9276    0.5179 0.1621 <0.0001  <0.0001
Infestation 1 0.6343 0.4392    0.4444 0.4937   0.2052   0.4511 
Irrigation 1 0.5765 0.1870    0.5441 0.3732   0.6816   0.9137 
Genotype x infestation 3 0.7502 0.4620    0.1546 0.8296   0.4579   0.9346 
Genotype x irrigation 3 0.4452 0.5823    0.3098 0.0278   0.7497   0.6554 
Infestation x irrigation 1 0.7022 0.2592    0.3260 0.1800   0.4393   0.5516 
Genotype x infestation x irrigation 3 0.0657 0.9971    0.0238 0.8358   0.4751    0.5707
Normalized pigment chlorophyll index (NPCI) 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.0070 0.1216  <0.0001 0.8799    0.0307 <0.0001 
Genotype 3 0.4421 0.3203  0.3735 0.2136  <0.0001 <0.0001 
Infestation 1 0.1577 0.2811  0.9762 0.5720    0.0303   0.2168 
Irrigation 1 0.4782 0.0219  0.2612 0.4229    0.5680   0.9233 
Genotype x infestation 3 0.2931 0.0713  0.8936 0.3436    0.8110   0.2142 
Genotype x irrigation 3 0.3412 0.3084  0.3848 0.3139    0.1465   0.2010 
Infestation x irrigation 1 0.0368 0.4899  0.5897 0.2929    0.9219   0.2534 
Genotype x infestation x irrigation  3  0.3997  0.2221    0.0840*   0.8230     0.8484    0.0261 
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 Appendix 3. P values for vegetative indices PRI and REIP at 38, 45, 55, 67, 88, 97 days after planting in 2008.   
   Photochemical Reflectance Index (PRI) 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.0653  <0.0001  <0.0001 0.1937    0.1554   0.0054 
Genotype 3 0.5027    0.7362    0.9532 0.0967 <0.0001 <0.0001 
Infestation 1 0.9283    0.0342    0.3079 0.2794    0.1394   0.5260 
Irrigation 1 0.6551    0.0255    0.0030 0.1702    0.6107   0.0699 
Genotype x infestation 3 0.8958    0.1852    0.5078 0.7572    0.7034   0.4089 
Genotype x irrigation 3 0.0482    0.4460    0.8274 0.0064    0.1318   0.4035 
Infestation x irrigation 1 0.1957    0.6675    0.4388 0.1915    0.5806   0.8588 
Genotype x infestation x irrigation 3 0.1847    0.8567    0.6021 0.1897    0.7150   0.7601 
Red Edge Inflection Point (REIP) 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 <0.0001 0.0189  <0.0001 0.5431    0.8683    0.0015 
Genotype 3   0.4422 0.7127    0.1407 0.0031  <0.0001  <0.0001
Infestation 1   0.5997 0.2538    0.6118 0.4636    0.4125    0.4237 
Irrigation 1   0.5995 0.2499    0.0489 0.8936    0.7077    0.8784 
Genotype x infestation 3   0.8730 0.7638    0.5536 0.8505    0.5655    0.8780 
Genotype x irrigation 3   0.8269 0.7043    0.9048 0.0045    0.5577    0.5789 
Infestation x irrigation 1   0.3004 0.3149    0.9348 0.5457    0.8839    0.2912 
Genotype x infestation x irrigation  3    0.6989  0.8430     0.0220  0.9186     0.8410     0.6016 
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 Appendix 4. P values for vegetative indices SAVI and SIPI at 38, 45, 55, 67, 88, 97 days after planting in 2008.   
   Soil Adjusted Vegetative Index (SAVI) 
P values 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.1115 0.4585 <0.0001 0.5987 0.0246 <0.0001
Genotype 3 0.1130 0.6244 0.0432 0.3622 0.0007 <0.0001
Infestation 1 0.3936 0.3444 0.9297 0.5324 0.5409   0.2877
Irrigation 1 0.6492 0.1665 0.0348 0.3249 0.6505   0.9759
Genotype x infestation 3 0.2645 0.0177 0.4580 0.5531 0.5498   0.3342
Genotype x irrigation 3 0.9353 0.4966 0.5826 0.0388 0.6148   0.3198
Infestation x irrigation 1 0.8261 0.2044 0.7622 0.7156 0.3215   0.4019
Genotype x infestation x irrigation 3 0.4612 0.4046 0.0588 0.9142 0.2052   0.0424
Structural independent pigment index (SIPI) 
P values 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 <0.0001 0.3473 <0.0001 0.1297   0.7408   0.0058
Genotype 3   0.0906 0.4565 0.3623 0.2420 <0.0001 <0.0001
Infestation 1   0.9358 0.1511 0.2332 0.2902    0.2331   0.2378
Irrigation 1   0.5668 0.3092 0.1346 0.5169    0.8124   0.9946
Genotype x infestation 3   0.4799 0.4623 0.3940 0.7849    0.4452   0.7505
Genotype x irrigation 3   0.7540 0.5853 0.6805 0.0454    0.5618   0.8793
Infestation x irrigation 1   0.9915 0.3346 0.1626 0.4087    0.8875   0.1518
Genotype x infestation x irrigation  3    0.1008 0.9853 0.1075 0.9172    0.3745   0.3088
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 Appendix 5. P values for vegetative indices WBI and WI at 38, 45, 55, 67, 88, 97 days after planting in 2008.   
   Water Band Index (WBI) 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.0134 0.0688 <0.0001 0.6812 0.8057   0.0093 
Genotype 3 0.7702 0.5999    0.7846 0.2737 0.0948 <0.0001 
Infestation 1 0.8075 0.5277    0.6008 0.9920 0.9674   0.6891 
Irrigation 1 0.3385 0.6867    0.0154 0.9908 0.9295   0.5168 
Genotype x infestation 3 0.1248 0.3223    0.5825 0.7218 0.7932   0.3227 
Genotype x irrigation 3 0.4738 0.0363    0.2223 0.2481 0.3978   0.0875 
Infestation x irrigation 1 0.4124 0.3066    0.1937 0.6173 0.0995   0.9929 
Genotype x infestation x irrigation 3 0.8696 0.2991    0.7383 0.9151 0.2291   0.5098 
Water Index (WI) 
Days after planting  
Source DF 38 45 55 67 88 97 
Rep 4 0.0105 0.0678 <0.0001 0.7213 0.8226    0.0079 
Genotype 3 0.7606 0.5705   0.7901 0.2978 0.0937  <0.0001
Infestation 1 0.7985 0.5309   0.6114 0.9498 0.9323    0.6677 
Irrigation 1 0.4229 0.6683   0.0149 0.9697 0.9969    0.5270 
Genotype x infestation 3 0.1345 0.3281   0.6043 0.7563 0.8200    0.3327 
Genotype x irrigation 3 0.5054  0.0358   0.2149 0.2637 0.3803   0.0780 
Infestation x irrigation 1 0.3729 0.2920  0.2039 0.6165 0.1072    0.9942 
Genotype x infestation x irrigation  3  0.8744  0.3039   0.7578   0.8952  0.2283    0.5333 
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 Appendix 6. P values for vegetative indices Dchl-ab and DVI at 20, 37, 45, 51, 59, 62, 80, 85 days after planting in 2009.   
    Derived leaf chlorophyll a & b concentration index (D-chl-ab) 
Days after planting 
Source DF 20 37 45 51 59 62 80 85 
Rep                                 4 0.1080 0.7497 <0.0001 <0.0001 <0.0001 <0.0001 0.0236 <0.0001 
Genotype 3 0.1411 0.5440   0.0402   0.0033 <0.0001 0.0037 0.0141 <0.0001 
Infestation 1 0.8409 0.2297   0.0064   0.7064   0.5586 0.4413 0.8508   0.0380 
Irrigation 1 NAa 0.5662   0.0253   0.0059   0.0466 0.0306 0.2501   0.0004 
Genotype x infestation 3 0.6811 0.8189   0.2084   0.3636   0.0081 0.2882 0.5122   0.3190 
Genotype x irrigation 3 NAa 0.1893   0.3441   0.1338   0.3184 0.5100 0.1266   0.0098 
Infestation x irrigation 1 NAa 0.9717   0.1017   0.4739   0.1944 0.4090 0.7287   0.1903 
Genotype x inf. x irr. 3 NAa 0.4142   0.4850    0.5803   0.8450 0.2794 0.1958   0.8719 
Difference Vegetative Index (DVI) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.0375 0.0011 0.0123 0.0005 0.7236 0.0574 0.0061   0.0093 
Genotype 3 0.2382 0.5980 0.5264   0.1447 0.2029 0.1253 0.0299 0.1509 
Infestation 1 0.0537 0.2519 0.3985 0.2509 0.4780 0.5050 0.3983   0.0644 
Irrigation                        1 NAa 0.8096 0.0623 <0.0001 0.1451 0.1778 0.1551 <0.0001 
Genotype x Infestation 3 0.2576 0.6658 0.8668    0.4220 0.7229 0.1673 0.7195    0.2769 
Genotype x irrigation 3 NAa 0.6739 0.3348   0.3781 0.7598 0.3487 0.3524    0.9890 
Infestation x irrigation 1 NAa 0.7579 0.0401   0.2181 0.5371 0.3559 0.8789    0.0975 
Genotype x inf. x irr.   3   NAa   0.4905   0.9855      0.7241   0.1955   0.2897   0.9775      0.4985 
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 Appendix 7. P values for vegetative indices NDVI and NPCI at 20, 37, 45, 51, 59, 62, 80, 85 days after planting  in 2009.   
    Normalized Difference Vegetative Index (NDVI) 
Days after planting 
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.3871 0.1327 0.0008 0.0003 0.0579 0.0188    0.0086    0.1001 
Cultivar 3 0.0568 0.3507 0.0700 0.5023 0.0341 0.0425    0.0355    0.0272 
Infestation 1 0.2024 0.0289 0.2671 0.6621 0.4572 0.5637    0.7215    0.7353 
Irrigation 1 NAa 0.1735 0.0027 0.1204 0.0003 0.0002  <0.0001  <0.0001 
Genotype x infestation 3 0.1921 0.3412 0.7661 0.1577 0.2585 0.2682    0.4287    0.2269 
Genotype x irrigation 3 NAa 0.6139 0.4524 0.5319 0.0186 0.9715    0.8072    0.5575 
Infestation x irrigation 1 NAa 0.1996 0.2471 0.4576 0.2341 0.7623    0.9031    0.2482 
Genotype x inf. x irr. 3 NAa 0.2161 0.4096 0.3480 0.1951 0.1135    0.3561    0.1465 
Normalized pigment chlorophyll index (NPCI) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.1968 0.0001    0.0296   0.0012 0.0073 0.0132   0.0042    0.0173 
Genotype 3 0.0566 0.0252 <0.0001 <0.0001 0.0059 0.0005 <0.0001  <0.0001 
Infestation 1 0.0136 0.2895   0.3645   0.2786 0.7253 0.1378   0.5105    0.3324 
Irrigation 1 NAa 0.3076   0.0157   0.0098 0.2245 0.1299   0.0016    0.0020 
Genotype x infestation 3 0.9508 0.4464   0.3055   0.2516 0.0340 0.1042   0.7104    0.9319 
Genotype x irrigation 3 NAa 0.3616   0.2323   0.7609 0.0913 0.4668   0.0364    0.5374 
Infestation x irrigation 1 NAa 0.6504   0.4722   0.1401 0.4617 0.4382   0.8369    0.4332 
Genotype x inf. x irr.   3   NAa   0.3921     0.8143     0.7511   0.8966   0.3641     0.8152      0.2079 
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inf. = infestation    irr.= irrigation  aNA= not applicable 
  
 
 
 Appendix 8.  P values for vegetative indices PRI and REIP at 20, 37, 45, 51, 59, 62, 80, 85 days after planting  in 2009.   
    Photochemical Reflectance Index (PRI) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.0402 0.0131 0.2461 0.0610 0.1327 0.0148 0.0010 0.0067 
Genotype 3 0.0318 0.0251 0.0002 0.0126 0.009 0.0199 0.0009 <0.0001 
Infestation 1 0.0228 0.1272 0.1153 0.2630 0.3711 0.4096 0.9808 0.8545 
Irrigation 1 NAa 0.3017 0.8011 0.0541 0.9223 0.0429 0.6402 0.0002 
Genotype x infestation 3 0.8575 0.7040 0.4398 0.3636 0.0218 0.3241 0.6878 0.3553 
Genotype x irrigation 3 NAa 0.5727 0.0173 0.8239 0.4085 0.7854 0.2540 0.4999 
Infestation x irrigation 1 NAa 0.9506 0.4696 0.3743 0.9253 0.0547 0.5754 0.2086 
Genotype x inf. x irr. 3 NAa 0.7086 0.3426 0.4010 0.7907 0.4949 0.1808 0.3252 
  Red Edge Inflection Point (REIP) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.8938 0.8411 0.0003 0.0001 0.0058 0.0165 0.0165 0.0109 
Genotype 3 0.0150 0.3553 0.0313 0.4836 0.0524 0.1803 0.0148 0.0035 
Infestation 1 0.4890 0.0229 0.0286 0.8441 0.4637 0.5005 0.8407 0.3506 
Irrigation 1 NAa 0.3382 0.4117 0.8408 0.0024 0.0041 0.0005 <0.0001 
Genotype x infestation 3 0.4939 0.8028 0.7789 0.2562 0.1194 0.4959 0.3528 0.4772 
Genotype x irrigation 3 NAa 0.4872 0.5718 0.2809 0.0381 0.7529 0.6871 0.2387 
Infestation x irrigation 1 NAa 0.3983 0.8789 0.7711 0.5406 0.3376 0.7233 0.4852 
Genotype x inf. x irr.   3   NAa   0.5565   0.2341   0.3093   0.3400   0.2191   0.2215   0.1149 
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inf. = infestation    irr.= irrigation  aNA= not applicable 
  
 
 
 Appendix 9. P values for vegetative indices SAVI and SIPI at 20, 37, 45, 51, 59, 62, 80, 85 days after planting in 2009.   
    Soil Adjusted Vegetative Index (SAVI) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.0625 0.0064 0.0067 0.0003 0.5328 0.0262 0.0042 0.0417 
Genotype 3 0.1238 0.4325 0.3725 0.1908 0.0194 0.0756 0.0313 0.0800 
Infestation 1 0.0459 0.0603 0.3093 0.3445 0.7493 0.4332 0.6422 0.2522 
Irrigation 1 NAa 0.6512 0.0263 0.0005 0.0116 0.0186 0.0097 <0.0001 
Genotype x infestation 3 0.1893 0.4225 0.8985 0.3303 0.5895 0.1467 0.7899 0.2193 
Genotype x irrigation 3 NAa 0.9285 0.3900 0.3116 0.1159 0.6125 0.4547 0.9816 
Infestation x irrigation 1 NAa 0.7576 0.0502 0.2922 0.6789 0.6304 0.8889 0.1383 
Genotype x inf. x irr. 3 NAa 0.5359 0.9521 0.5578 0.0903 0.2294 0.8878 0.5323 
Structural independent pigment index (SIPI) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.4964 0.0290 0.0010 0.0021 0.0981 0.0669 0.0094 0.0716 
Genotype 3 0.0066 0.2432 0.0890 0.4248 0.1652 0.0242 0.0270 0.0085 
Infestation 1 0.4027 0.0434 0.1780 0.6614 0.5485 0.4463 0.2072 0.5861 
Irrigation 1 NAa 0.3412 0.0073 0.1618 0.0010 <0.0001 <0.0001 <0.0001 
Genotype x infestation 3 0.0970 0.6793 0.6277 0.2562 0.4663 0.3570 0.2090 0.6763 
Genotype x irrigation 3 NAa 0.6096 0.8723 0.4143 0.3649 0.5731 0.8542 0.1937 
Infestation x irrigation 1 NAa 0.4009 0.3188 0.4335 0.3793 0.5280 0.7868 0.6926 
Genotype x inf. x irr.   3   NAa   0.2275   0.2584   0.5007   0.1340   0.3348   0.2308   0.3643 
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inf. = infestation    irr.= irrigation  aNA= not applicable 
  
 
 
 Appendix 10. P values for vegetative indices water band index (WBI) and water index  (WI) at 20, 37, 45, 51, 59, 62, 80, 85 days after 
planting  in 2009.   
    Water Band Index (WBI) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.0016 0.0762 <0.0001 <0.0001 0.0034 <0.0001 0.1286 0.0053 
Genotype 3 0.1051 0.0378   0.0281   0.3504 0.2776 0.0251 0.5184 0.0375 
Infestation 1 0.1774 0.3010   0.0576   0.3811 0.4418 0.0276 0.6838 0.2692 
Irrigation 1 NAa 0.4369   0.2130   0.1789 0.3656 0.0003 <0.0001 <0.0001 
Genotype x infestation 3 0.2231 0.3464   0.8830   0.0124 0.4794 0.2143 0.2556 0.0323 
Genotype x irrigation 3 NAa 0.4216   0.7770   0.6472 0.2410 0.9281 0.8624 0.9962 
Infestation x irrigation 1 NAa 0.7663   0.2384   0.8771 0.3132 0.0967 0.7449 0.9927 
Genotype x inf. x irr. 3 NAa 0.1609   0.7402   0.3432 0.9743 0.2753 0.4715 0.2353 
Water Index  (WI) 
Days after planting  
Source DF 20 37 45 51 59 62 80 85 
Rep 4 0.0016 0.0652 <0.0001 <0.0001 0.0031 <0.0001    0.1344   0.0051 
Genotype 3 0.0973 0.0438 0.0226 0.3459 0.2867   0.0248    0.4876   0.0363 
Infestation 1 0.1759 0.2871 0.0538 0.3769 0.4317   0.0243    0.6950   0.2536 
Irrigation 1 NAa 0.4488 0.2193 0.1685 0.3235   0.0002 <0.0001 <0.0001 
Genotype x infestation 3 0.2381 0.3654 0.8634 0.0113 0.4922   0.2099   0.2487   0.0348 
Genotype x irrigation 3 NAa 0.4365 0.7132 0.6030 0.2439   0.9271   0.8713   0.9968 
Infestation x irrigation 1 NAa 0.8184 0.2413 0.8726 0.3323   0.1090   0.7990  0.9746 
Genotype x inf. x irr.   3   NAa   0.1494   0.7611   0.3350   0.9628     0.2565     0.4817    0.2448 
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inf. = infestation    irr.= irrigation  aNA= not applicable 
  
 
 
 Appendix 11. Least square means for the main effect of infestation                                                                                                                                     
for the vegetative indices D-chl-ab at 45 days after planting (DAP),                                                                                                              
NPCI at 88 DAP, and PRI at 45 DAP for the main effect of infestation                                                                                                          
in 2008. 
    Vegetative Indices  
D-chl-ab NPCI PRI 
Infestation Dap 45 
Dap 
88 Dap 45
Infested -0.44 b 0.24 b -0.08 a 
Non-infested -0.40 a 0.27 a -0.10 b
LSD    0.03a 0.03a 0.02a 
aLSD to compare different irrigation treatments  on the same                                                                                                                                              
vegetative index on the same DAP, Fisher’s protected least                                                                                                                                                 
significant difference (P < 0.05).                                                                                                                                                                                            
*Means with the same letter are not significantly different. 
93
  
 
 
 Appendix 12.  Least square means for the main effect of irrigation for the vegetative indices DVI at 55 days after planting (DAP),                                 
NPCI at 45 DAP, PRI at 45, 55, and 97 DAP, WBI at 55 DAP and WI at 55 DAP in 2008. 
    Vegetative Indices  
DVI NPCI PRI WBI WI 
Irrigation DAP 55 DAP 45 DAP 45 DAP 55 DAP 97 DAP 55 DAP 55
Non-stressed 0.50 b 0.33 a -0.10 b -0.13 b -0.077 b 0.97 a 1.035 b 
Stressed 0.55 a 0.29 b -0.08 a -0.12 a -0.071 a 0.96 b 1.044 a 
LSD    0.04a 0.03a 0.02 a 0.01a 0.005b 0.01a 0.01a 
aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s                                          
protected least significant difference (P < 0.05).                                                                                                                                                                   
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s                                                    
protected least significant difference (P < 0.10).                                                                                                                                                                   
*Means with the same letter are not significantly different. 94
  
 
 
 Appendix 13. Least square means for a genotype by infestation interaction                                                                                                   
for the vegetative indices DVI at 45 days after planting (DAP), NPCI at 45 DAP, and WBI at                                                                                           
on 45 DAP in 2008. 
       Vegetative Indices  
DVI NPCI SAVI 
Genotype Infestation DAP 45 DAP 45 DAP 45 
DT974290 Infested 0.74 a 0.26 b 0.73 a 
Non-infested 0.53 c 0.31 a 0.66 b 
Delta Pineland 4546 Infested 0.72 ab 0.28 ab 0.75 a 
Non-infested 0.64 abc 0.26 b 0.69 ab 
LS980358 Infested 0.61 bc 0.26 b 0.70 ab 
Non-infested 0.62 abc 0.31 a 0.69 ab 
R01581F Infested 0.55 c 0.19 c 0.65 b 
Non-infested 0.70 ab 0.18 c 0.73 a 
LSD      0.13-0.15a 0.05b 0.07a 
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aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP,                                                                                    
Fisher’s protected least significant difference (P < 0.05).                                                                                                                                                      
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP,                                                                     
Fisher’s protected least significant difference (P < 0.10).                                                                                                                                                     
*Means with the same letter are not significantly different. 
  
 
 
 Appendix 14. Least square means for a genotype by irrigation interaction for the vegetative indices D-chl-ab,                                                 
DVI, NDVI at 67 days after planting (DAP), and PRI at 37 and 67 DAP in 2008. 
       Vegetative Indices  
D-chl-ab DVI  NDVI PRI 
Genotype Irrigation DAP 67 DAP 67 DAP 67 DAP 38 DAP 67
DT974290 Stressed -0.031 a 0.45 bc 0.84 ab -0.13 a  -0.02 a 
Non-stressed -0.157 b 0.57 a 0.80 c -0.16 b -0.05 b 
Delta Pineland 4546 Stressed -0.042 a 0.53 ab 0.82 bc -0.14 a -0.03 a 
Non-stressed -0.021 a 0.37 c 0.83 abc -0.14 a -0.02 a 
LS980358 Stressed -0.053 a 0.52 ab 0.80 c -0.14 a -0.03 a 
Non-stressed -0.023 a 0.48 ab 0.85 ab -0.13 a  -0.03 a 
R01581F Stressed  0.012 a 0.53 ab 0.84 ab -0.14 a -0.02 a 
Non-stressed  0.004 a 0.48 ab 0.86 a -0.13 a  -0.03 a 
LSD      0.08-0.10b 0.10-0.12 a  0.04 a   0.02 a  0.02 a 
96
aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s protected                                         
least significant difference (P < 0.05).                                                                                                                                                                                    
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s protected                                             
least significant difference (P < 0.10).                                                                                                                                                                                    
*Means with the same letter are not significantly different. 
  
 
 
 Appendix 15. Least square means for a genotype by irrigation interaction for the vegetative indices REIP, SAVI, SIPI at 67 days after 
planting (DAP), and WBI and WI at 45 and 97 DAP in 2008. 
       Vegetative Indices  
REIP SAVI SIPI WBI WI 
Genotype Irrigation DAP 67 DAP 67 DAP 67 DAP 45 DAP 97 DAP 45 DAP 97
DT974290 Stressed 690.95 ab 0.64 ab 5.95 ab 0.96 b 0.89 c 1.04 b 1.12 b 
Non-stressed 689.89 c 0.70 a 4.32 bc 0.97 a 0.91 a 1.04 b 1.10 d 
Delta Pineland 4546 Stressed 690.82 ab 0.69 a 4.82 abc 0.96 b 0.89 c 1.04 b 1.12 b 
Non-stressed 691.07 ab 0.59 b 5.10 abc 0.97 a 0.89 c 1.04 b 1.13 a 
LS980358 Stressed 690.54 bc 0.67 a 4.28 c 0.96 b 0.91 a 1.04 b 1.09 e 
Non-stressed 691.21 a 0.67 a 5.95 ab 0.96 b 0.91 a 1.04 b 1.10 d 
R01581F Stressed 691.28 a 0.70 a 5.61 abc 0.97 c 0.90 b 1.03 b 1.11 c 
Non-stressed 691.33 a 0.67 a 6.34 a 0.95 c 0.90 b 1.06 a 1.11 c 
LSD      0.57-0.71a  0.07-0.08a 1.48-1.69a 0.01-0.02a 0.01b  0.01-0.02a 0.01b 
97
aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.05).                                                                                                                                                                                             
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.10).                                                                                                                                                                                                             
*Means with the same letter are not significantly different. 
  
 
 
 Appendix 16. Least square means for an infestation by irrigation interaction                                                                                                   
for the vegetative indices D-chl-ab at 97 days after planting (DAP), NPCI at                                                                                                  
38 DAP, and WBI at 88 DAP in 2008. 
        Vegetative Indices  
D-chl-ab NPCI WBI 
Infestation Irrigation Dap 97 Dap 38 Dap 88
Infested Non-stressed -0.085 ab 0.29 a 0.922 a
Infested Stressed -0.090 b 0.25 b 0.917 a
Non-infested Non-stressed -0.095 b 0.28 ab 0.917 a
Non-infested Stressed -0.066 a 0.30 a 0.922 a
LSD       0.023 a 0.04 a 0.007b 
aLSD to compare different irrigation treatments  on the same  vegetative index                                                                                                 
on the same DAP, Fisher’s protected least significant difference (P < 0.05).                                                                                                                       
bLSD to compare different irrigation treatments on the same vegetative index                                                                                                  
on the same DAP, Fisher’s protected least significant difference (P < 0.10).                                                                                                                        
*Means with the same letter are not significantly different.  
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 Appendix 17. Least square means for a genotype by infestation by irrigation interaction for the vegetative indices D-chl-ab at 55 days 
after planting (DAP), DVI at 97 DAP and NDVI 38 and 55 DAP in 2008. 
          Vegetative Indices  
D-chl-ab DVI NDVI 
Genotype Infestation Irrigation DAP 55 Dap 97 Dap 38 Dap 55 
DT974290 Infested Stressed  0.06 a 0.34 f 0.72 bcd 0.78 a 
Non-stressed -0.35 b 0.34 f 0.72 bcd 0.70 bcd 
Non-infested Stressed -0.23 a 0.46 abcd 0.74 bc 0.72 abcd 
Non-stressed -0.15 ab 0.35 ef 0.71 cd 0.76 ab 
Delta Pineland 4546 Infested Stressed -0.24 b 0.44 bcde 0.70 d 0.77 ab 
Non-stressed -0.14 ab 0.46 abcd 0.75 ab 0.74 abc 
Non-infested Stressed -0.21 ab 0.42 bcdef 0.75 ab 0.74 abc 
Non-stressed -0.31 b 0.44 bcde 0.73 bcd 0.68 cd 
LS980358 Infested Stressed -0.26 b  0.38 cdef 0.74 bc 0.67 d 
Non-stressed -0.26 b  0.37 def 0.73 bcd 0.74 abc 
Non-infested Stressed -0.12 ab 0.37 def 0.73 bcd 0.67 d 
Non-stressed -0.42 c 0.48 ab 0.75 ab 0.74 abc 
R01581F Infested Stressed -0.31 b 0.47 abc 0.78 a 0.75 ab 
Non-stressed -0.38 b  0.54 a 0.74 bc 0.70 bcd 
Non-infested Stressed -0.22 b 0.54 a 0.75 ab 0.67 d 
Non-stressed -0.37 b 0.45 abcd 0.75 ab 0.72 abcd 
 LSD         0.28-0.35a  0.10a  0.04b  0.06-0.07a
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aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.05).                                                                                                                                                                                             
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.10).                                                                                                                                                                                                             
*Means with the same letter are not significantly different.  
 
 
 Appendix 18. Least square means for a genotype by infestation by irrigation interaction for the vegetative indices NPCI at 55 and 97 
days after planting (DAP) and REIP at 55 DAP in 2008. 
        Vegetative Indices  
NPCI REIP 
Genotype Infestation Irrigation DAP 55 Dap 97 Dap 55 
DT974290 Infested Stressed 0.18 d 0.34 f 688.61 a 
Non-stressed 0.34 a 0.34 f 683.87 b 
Non-infested Stressed 0.27 abcd 0.46 abcd 685.81 ab 
Non-stressed 0.28 abcd 0.35 ef 686.88 ab 
Delta Pineland 4546 Infested Stressed 0.26 abcd 0.44 bcde 686.71 ab 
Non-stressed 0.24 abcd 0.46 abcd 687.21 ab 
Non-infested Stressed 0.25 abcd 0.42 bcdef 686.10 ab 
Non-stressed 0.27 abcd 0.44 bcde 684.22 b 
LS980358 Infested Stressed 0.31 abc 0.38 cdef 684.87 b 
Non-stressed 0.21 cd 0.37 def 685.53 ab 
Non-infested Stressed 0.22 bcd 0.37 def 686.84 ab 
Non-stressed 0.30 abc 0.48 ab 683.95 b 
R01581F Infested Stressed 0.32 abc 0.47 abc 685.03 b 
Non-stressed 0.33 ab 0.54 a 683.77 b 
Non-infested Stressed 0.27 abcd 0.54 a 685.10 b 
Non-stressed 0.31 abc 0.45 abcd 684.35 b 
LSD          0.12-0.15b  0.10a  3.08-3.76a
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aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s                                                                      
protected least significant difference (P < 0.05).                                                                                                                                                                   
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s                                                  
protected least significant difference (P < 0.10).                                                                                                                                                                   
*Means with the same letter are not significantly different.  
 
 
 Appendix 19. Least square means for the main effect of irrigation for the vegetative indices D-chl-ab at 45 and 85 days after planting 
(DAP), DVI at 20 DAP, NDVI at 37 DAP, NPCI at 20 DAP, PRI at 20 DAP, and REIP at 37 and 45 DAP in 2009. 
    Vegetative Indices  
D-chl-ab DVI NDVI NPCI PRI REIP 
Infestation DAP 45 DAP 85 DAP 20 DAP 37 DAP 20 DAP 20 DAP 37 DAP 45 
Infested  -0.08 a  -0.12 b 0.46 a 0.85 a 0.16 b -0.05 a 690.77 a 690.43 a 
Non-infested  -0.10 b  -0.10 a 0.43 b 0.81 b 0.21 a -0.06 b 690.14 b 690.19 b
LSD    0.01a   0.01a  0.03b  0.03a  0.04a   0.01a  0.53a  0.21a 
aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.05).                                                                                                                                                                                             
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.10).                                                                                                                                                                                                             
*Means with the same letter are not significantly different. 
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 Appendix 20. Least square means for the main effect of irrigation for the vegetative indices SAVI                                                          
at 20 and 37 days after planting (DAP), SIPI at 37 DAP, WBI at 45 DAP, and WI at 45 and 62 DAP in 2009. 
    Vegetative Indices  
SAVI SIPI WBI WI 
Infestation DAP 20 DAP 37 DAP 37 DAP 45 DAP 45 DAP 62
Infested 0.65 a 0.68 a 6.09 a 0.927 b 1.079 a 1.104 a 
Non-infested 0.62 b 0.64 b 5.32 b 0.930 a 1.076 b 1.099 b 
LSD    0.04a   0.04b  0.75a  0.002b  0.0030b   0.005a 
aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s                                                        
protected least significant difference (P < 0.05).                                                                                                                                                                   
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s                                                       
protected least significant difference (P < 0.10).                                                                                                                                                                   
*Means with the same letter are not significantly different. 
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 Appendix 21. Least square means for the main effect of irrigation for the vegetative indices D-chl-ab,                                                  
DVI, NDVI, NPCI, and PRI at  20, 37, 45, 51, 59, 62, 80, and 85 days after planting in 2009. 
    Vegetative Indices for 2009 
Days after planting 
D-chl-ab 20 37 45 51 59 62 80 85 
Non-stressed NA NS  -0.10 b -0.08 b -0.11 b  -0.06 a NS NS 
Stressed NA NS  -0.08 a -0.07 a -0.10 a  -0.08 b NS NS 
LSD  0.01a 0.01a  0.01a 0.02a 
DVI 
Non-stressed NA NS NS 0.32 a NS NS NS NS 
Stressed NA NS NS 0.27 b NS NS NS NS 
LSD  0.03a 
NDVI 
Non-stressed NA NS 0.82 a NS NS 0.79 a 0.78 a 0.79 a 
Stressed NA NS 0.79 b NS NS 0.72 b 0.70 b 0.68 b 
LSD  0.03a 0.03a 0.03a 0.03a 
NPCI 
Non-stressed NA NS 0.24 b 0.32 b NS NS NS 0.36 b 
Stressed NA NS 0.28 a 0.35 a NS NS NS 0.41 a 
LSD  0.03a 0.03a 0.03a 
PRI 
Non-stressed NA NS NS  -0.068 a NS NS NS  -0.070 a 
Stressed NA NS NS  -0.074 b NS NS NS  -0.081 b 
LSD                0.005b               0.01a 
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aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.05).                                                                                                                                                                                             
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.10).                                                                                                                                                                                                             
*Means with the same letter are not significantly different.  
 
 
 Appendix 22. Least square means for the main effect of irrigation for the vegetative indices REIP, SAVI, SIPI, WBI, WI                                              
at 20, 37, 45, 51, 59, 62, 80, and 85 days after planting in 2009. 
    Vegetative Indices for 2009 
Days after planting 
REIP 20 37 45 51 59 62 80 85 
Non-stressed NA NS NS NS NS 690.42 a 690.40 a 690.68 a 
Stressed NA NS NS NS NS 689.74 b 689.49 b 689.40 b 
LSD  0.38a 0.50a 0.39a 
SAVI 
Non-stressed NA NS NS 0.52 a NS 0.57 a 0.55 a 0.55 a 
Stressed NA NS NS 0.46 b NS 0.53 b 0.50 b 0.47 b 
LSD  0.03a 0.03a 0.04a 0.03a 
SIPI 
Non-stressed NA NS 4.95 a NS 4.53 a 4.47 a 4.21 a 4.44 a 
Stressed NA NS 4.29 b NS 3.71 a 3.14 b 3.13 b 2.82 b 
LSD  0.48a 0.48a 0.44a 0.50a 0.47a 
WBI 
Non-stressed NA NS NS NS NS NS 0.91 b 0.90 b 
Stressed NA NS NS NS NS NS 0.93 a 0.92 a 
LSD  0.01a 0.01a 
WI 
Non-stressed NA NS NS NS NS 1.11 a 1.09 a 1.11 a 
Stressed NS NS NS NS NS 1.10 b 1.08 b 1.09 b 
LSD                        0.01a   0.01a   0.01a 
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aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.05).                                                                                                                                                                                             
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.10).                                                                                                                                                                                                             
*Means with the same letter are not significantly different.  
 
 
 Appendix 23. Least square means for a cultivar by infestation interaction for vegetative indices D-chl-ab at 59 days after planting 
(DAP), NPCI at 59 DAP, WBI at 51 and 85 DAP and WI at 51 and 85 DAP in 2009. 
       Vegetative Indices  
D-chl-ab NPCI PRI WBI WI 
Genotype Infestation DAP 59 DAP 59 DAP 59 DAP 51 DAP 85 DAP 51 DAP 85
DT974290 Infested -0.10 b  0.30 ab -0.07 b 0.91 b 0.91 a 1.10 b 1.10 ab 
Non-infested -0.10 b  0.31 ab -0.06 ab 0.92 a 0.91 a 1.09 c 1.09 bc 
Delta Pineland 4546 Infested -0.12 d 0.25 bc -0.06 ab 0.92 a 0.90 c 1.09 c 1.11 a 
Non-infested -0.10 b  0.34 a -0.07 b 0.92 a 0.91 a 1.09 c 1.10 ab 
LS980358 Infested -0.12 d 0.34 a -0.07 b 0.91 b 0.93 a 1.10 b 1.08 c 
Non-infested -0.11 c 0.26 bc -0.05 a 0.92 a 0.90 c 1.09 c 1.11 a 
R01581F Infested -0.08 a  0.20 c -0.05 a 0.92 a 0.90 c 1.09 c 1.11 a 
Non-infested -0.10 b  0.22 c -0.05 a 0.91 b 0.90 c 1.11 a 1.11 a 
 LSD      0.01a  0.08a  0.02a   0.01a  0.01-0.02a  0.01a  0.02a 
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aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s protected least significant 
difference (P < 0.05).                                                                                                                                                                                            
*Means with the same letter are not significantly different. 
  
 
 
 Appendix 24. Appendix 24. Least square means for a genotype by irrigation interaction for the vegetative indices                                                          
D-chl-ab at 85 days after planting (DAP), NDVI at 59 DAP, NPCI at 59 and 80 DAP in 2009. 
       Vegetative Indices  
Dchl-ab NDVI NPCI 
Genotype Irrigation DAP 85 DAP 59 DAP 59 DAP 80 
DT974290 Stressed -0.13 bd 0.68 c 0.31 ab 0.45 a 
Non-stressed -0.12 bcd 0.80 a 0.30 b 0.42 ab 
Delta Pineland 4546 Stressed -0.13 bd 0.78 ab 0.34 a 0.41 ab 
Non-stressed -0.11 bc 0.80 a 0.25 bc 0.38 b 
LS980358 Stressed -0.14 d 0.75 b 0.26 bc 0.45 a 
Non-stressed -0.13 bd 0.80 a 0.34 a 0.40 b 
R01581FC Stressed -0.10 b 0.79 ab 0.22 c 0.32 c 
Non-stressed -0.04 a 0.80 a 0.20 c 0.25 d 
LSD      0.03a  0.01a  0.08a   0.05-0.06a
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aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s                                                   
protected least significant difference (P < 0.05).                                                                                                                                                                    
*Means with the same letter are not significantly different. 
  
 
 
 Appendix 25. Least square means for an infestation by irrigation interaction for the vegetative indices                                                              
D-chl-ab at 45 and 85 days after planting (DAP), PRI at 62 DAP, SAVI at 45 DAP, WBI at 62 DAP in 2009. 
        Vegetative Indices  
Days after planting 
DVI PRI SAVI WBI 
Infestation Irrigation DAP 45 DAP 85 DAP 62 DAP 45 DAP 62
Infested Non-stressed 0.39 ab 0.37 a -0.063 ab 0.60 a 0.90 c 
Infested Stressed 0.40 a 0.29 c -0.064 ab 0.59 a 0.91 b 
Non-infested Non-stressed 0.41 a 0.33 b -0.059 a 0.61 a 0.90 c 
Non-infested Stressed 0.35 b 0.29 c -0.075 b 0.55 b 0.92 a 
LSD       0.04-0.05a 0.03b 0.14-0.15b 0.04b 0.01b 
aLSD to compare different irrigation treatments  on the same  vegetative index on the same DAP, Fisher’s                                           
protected least significant difference (P < 0.05).                                                                                                                                                                   
bLSD to compare different irrigation treatments on the same vegetative index on the same DAP, Fisher’s                                                         
protected least significant difference (P < 0.10).                                                                                                                                                                   
*Means with the same letter are not significantly different. 
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Appendix 26. Least square means for a cultivar by infestation by irrigation interaction for                                                                                             
the vegetative indices SAVI at 59 days after planting in 2009. 
SAVI 
Genotype Infestation Irrigation Dap 59 
DT974290 Infested Non-stressed  0.63 ab 
Stressed 0.43 d 
Non-infested Non-stressed    0.57 abc 
Stressed   0.51 cd 
Delta Pineland 4546 Infested Non-stressed     0.59 abc 
Stressed 0.64 a 
Non-infested Non-stressed 0.66 a 
Stressed     0.57 abc 
LS980358 Infested Non-stressed     0.59 abc 
Stressed      0.53 bcd
Non-infested Non-stressed    0.63 ab 
Stressed     0.58 abc 
R01581FC Infested Non-stressed 0.64 a 
Stressed     0.61 abc 
Non-infested Non-stressed    0.58 abc 
Stressed    0.60 abc 
LSD          0.11a 
aLSD to compare different irrigation treatments on the same vegetative index on the same DAP,                                                                         
Fisher’s protected least significant difference (P < 0.10).                                                                                                                                                     
*Means with the same letter are not significantly different.   
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